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SUMMARY: i
A method is developed to predict theoretically the increase .
i of temperature due to wind recirculation in the inlet of a VTOL
' lift engine exhausting normally to the ground. It is shown how
to calculate with the potential cheory the velocities in the

recirculation flow and how to determine the temperatures with
the laws of spread of buoyant plumes. Many model investigatious
were done to check these results. The three regions of a VIOL
propulsion jet, the free jet, the wall jet, ~nd the zone of
separation of the wall jet from the ground due to wind effects
and buoyanc; forces are investigated in model jets with critical
nozzle pressure ratios and temperatures up to 1000 °C.
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1. Introduction — Recirculation in jet-supported VTOL aircraft

/9"

The ground effects induced by the frce jet of the lifting
engine have a considerable effect ou the design and shape of
V/STOL (1) aircraft. This effect causes both increases in the
1ift as well as forces on the airframe which reduce lift,
runway damage, and even damage to the airframe, through ground
erosion, and considerable added noise stresses. In detail, we
distinguish between the following jet-induced ground effects:

Aerodynamic ground effect

Thermal ground effect (recirculation)

Fountain recirculation
Wind recirculation
Ground erosion
Noise

The engine jets, directed toward the ground to produce lift
during the takeoff and landing phases of a V/STOL aircraft, produce
secondary forces and moments on the aircraft which increase or
reduce the lift. This is the aerodynamic ground effect. Engine
jets redirected at the grcund meet each other in the so-called
fountain effect, are redirected upward by it, strike the wings
or the fuselage, and produce a local overpressure region there,
increasing the 1ift. 1In contrast, the intake flow drawn into
the thrust jet decreases the 1lift. Depending on the engine
arrangement, the portions which increase or reduce the lift may
predominate. Also, this secondary flow induced by the supporting
jet can cause turbulent flow in flowing around the wing edges
across the whole wing contour, and can lead to dynamic loads
on the airframe due to vortex formation.

(1) Vertical/Short TakeOff and Landing

*Numbers in the margin indicate pagination in original foreign
text. ‘
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in recirculation, the thermal ground effect, part of the hot / 1O

engine jet is returned to the intake through redirection at the
ground, the thermal lift forces, and the depression effect of
the engine intake. The temperature increase at the intake can
take on quite considerable values with mutual engine jet effects
and the wind effect. This can cause a significant drop in engine
power during hovering flight over the ground, the time of
maximum requirement for thrust, and can cause the aircraft to

crash.

The sensitivity of jet engines to an increase in the intake
air temperature is shown in Appendix 9.1 with the Rolls-Royce
RB 162-31 lift engine as an example (Figure 1), and is shown
graphically in Figure 2. Even twe degrees of temperature rise

50 T I
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Figure 1. Rolls-Royce Figure 2. Thrust loss of the

single-shaft 1ift engine RB 162-31 as a function of the

RB 162. temperature rise at the compres- .
sor intake. ‘
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cause one percent loss of thrust. This justifies the great
attempts of designers to protect engine intakes on VTOL aircraft
from recirculation flow.

If several free jets strike the ground vertically, their /1
wall jets which move toward each other are redirected upward as
ascending flow fountains. Hot engine exhaust gases can get
directly into the compressor intake this way, reducing the
thrust production, cutting off the engine, or damaging the
airframe due to high temperatures. Here, we speak of fountain

recirculation or recirculatiorn of the near zone. Local temper-

atuie peaks up to 70% of the nozzle have been measured at the
level of the engine intake in such hot gas streams shooting
upward. Along with the loss of thrust which occurs, the
operating behavior of the engine is severely disturbed by such
uneven temperature profiles at the intake cross section (inlet
distortion). On the basis of extensive series of tests in the
past years, we are now able, for new aircraft designe, to

gas fountains could occur. For instance, fountains can be
avoided by slightiy pivoting the engine jet away from the vertical
or through injecting an auxiliary jet to destroy the fountain.

The wind recirculation (Figure 3) 1is considered far /12
more problematical today. This process is also called "recir-
culation of the far zone". It occurs when a supporting jet
redirected at the ground flows into a wind flow which separates
the hot wall jet from the ground and carries it back to the
engine intake. In bad cases, this hot air cloud washes over
the entire aircraft.

i
3
i
:
avoid from the beginning those engine arrangements in which hot i
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Figure 3. Wind recirculation in a VTOL aircraft.

.
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In contrast to the hot gas fountains, the wind recircuiation
causes only relatively small temperature rises at the intake,
rarely exceeding 30°C, but this recirculation is much more
difficult to combat or eliminate. The trend in lifting engine
technology toward larger-volume jets with low specific impulse
is moving the problem of wind recirculation more and more to the
front. This work is concermed exclusively with the wind
recirculation.

The groun erosion ieads to destruction of the ground by
the hot high-velocity jet. Depending on the nature of the ground,
it tears out pieces and may even damage the alrframe or the
engine, or hinder the pilot's vision.
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The noise of VTOL aircraft with single-shaft liftin, ensines
which occurs in hovering flight comes almost soiclyv from the
supporting jet. In addition to the jet noise of the conventional
aircraft, with & VIOL engine jet there is also the acoustically
stressing back-coupling effect described by Wagner | 75].

2. Previous results and kno. =2dge — statement of the problem.

™~
H
Lo

Today, we find a whole series of works in the literature,
concerned with recirculation flow: i- VTOL aircraft. Most of the
investigations on the thermal ground effect up to 1968 have been
collected and briefly described in the literature survey 61].

It appears from this that so far only a few authors have made the
attempt to describe the ground effect theo..tically.

So far, only one semiempirical theory on the hot gas wall jet

has been published by the Englishman Cox-Abbott [11]. He attempts
to determine the separation point of the hot wall jet caused by
thermal buoyancy forces. In comparison, most of the reports

are limited to the reporting of experimental results. In recent
years in the USA, NASA has performed a series of extensive intake
temperature measurements, by Speth-Ryan [69], Lavi-Hall-Stark
(36] and McLemore-Smith [37], on VTOL aircraft models with the
original engines. Almost without exception, these expzriments
were concerned with complicated aircraft configurations, and
make statements on the intake state of the engine. But basic
research on the parameters of the supporting jet and the flow
drawn into it, which are important for the ground effect,

remain unconsidered in these works.

:“:1‘
b
3

Now, if one wishes to take the missing date on the VTOL
supporting jet from the literature on free jet and wall jet flows,
one must establish that nearly all basic studies have been done
with jets having low nozzle pressure raitios, with or without
low excess temperature. But with single-shaft lifting enginus,
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we have sonic velocity and exhaust gas temperaiures betwe o bUL
and 1000 °C at the nozzle orificc. But, beccuse of the different
degree of turbulence, these engine jets are subject to diTferent
expansion laws than are inccmpressiblic cold gas jets. The
classical free .t works of Tollmien [ 74), Reicharat ~51°, /14
Férthmann [187], Corrsin-Uberoi [10], laurence "357 and Wille 76
which are stiil usea for most ground effect s:udies, however,
are concerned with cold or only slightly heated jets in the

fully expanded region far behind the nozzle. They do not go

into the problematical definition of the jet boundary in hot gas
jets (Section 9.4.10). But exact data on the jet boundaries are
of decisive importance for determination of the mass drawn in.
The basic wall jet studies of Glauert [21], PRakke 3], Bradshaw-
Love [87, Hertel [25], Schrader [58] and Tani-Komatsu [72] also,
without exception, treat iacompressible jets without exc=ss
temperature. The "reversal effect" of the wall jct estab.ished
here, which is the expla.iation for many phenomena which have not
bee.. understood in ground effect stidies, has previously been
measured by Schrader [58], and he has not considered it further.
In the literature, statements on the separation <havior of

wall jets under thec effect of wind can only be found in Cox-
Abbott [17]. The reversal effect is discussed in Section 9.5.4.

Seibold [65] in 1962 and Schulz [59] in 1970 performed
the potential-theory calculation of the velocities in the secondary
flow field from a single free jet in order to obtain the pressure
distribution induced on the airframe, and, from that, to determine
the secondary forces acting on the aircraft. In 1966 [60] the
entire two-dimensional recirculation flow field of a single lift-
ing engine was determined according to potential theory. But
these calculations stand or fall with the boundary conditioms.
These are statements on the depression distribution of the
supporting jet and on the separation length of the wall jet.
Previously, these values have either been estimated or taken
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from older free jet measurements which have onlv litvic prodicol «

power for the VTOL jet.

Determination of the exact boundary conditions was a major
prerequisite for the successful treatment of the recirculation
problem. In years past, therefore, intensive free jet and wali 15
jet studies have been performed. These are partially reported in
162, 63, 64). These studies are described in detail in Appendices
9.4 and 9.5. Their most important results will be reiated briefly

here:

Free jet

The behavior of the high velocity jet differs from that of
the low velocity jet. If one wishes to produce a supporting iet
near to reality for a single-shaft lifting engine, we may change
only the geometric dimensions. The jet Mach number and temper-
ature must be maintained.

With convergent nozzles and critical nozzle pressure ratio

pges/pm the core flow of the free jet is supersonic.

With increasing Mach number, the jet turhulence decreases
and the jet breakup becomes less.

With increasing nozzle Mach number, the jet expansion angles
become smaller for velocity, dynamic pressure and temperature.
In contrast to the free jet with low nozzle velocity, the jet
expansion angle of the Mach 1 jet is nearly independent of the
temperature of the jet. At a length of 5 jet diameters, the hot L
gas jet increases its dimension considerably fa.:er than the O
cold xas jet. 3 ’




Wall jet

As the nozzle approaches the ground, the maximum dynamic
pressure and velocity in the wall jet decrease (reversal effecr).
The mass flow of the wall jet increases slightly with increasin.
distance of the nozzle from the ground. It increascs consider-
ably with increase of the nozzle temperature. If it is normalized
with respect to the free jet mass flow at the stagnation point,
the increase in mass of the wall jet can be described by a single
straight line.

16
Separation of the wall jet
The separation length of the wall jet increases linearly with
decreasing wind velocity.
The wall jet separation because of blowing wind is independent g

of the nozzle temperature, but, in contrast, the nozzle Mach
number has a strong effect on the site of sepa-ation.

The temperatures of the recirculation f:uw in the secondary
field of the supporting jet can be calculated from the expansion
laws of rising warm air clouds. Such studies of thermal flows
are known from meteorology and have been applied, among other
things, for dispersal of fog over airfields (e. g., by Rankine
[48], Rouse-Baines-Humphreys [54], Morton [43], Morton-Taylor-
Turner [44], Priestley-Ball [47], Murgai-Emmons [45] and
Sutton [70, 71]). These authors did not consider the wind effect.
We cannot, however, combine these publications on ascending flows
with the works on cold gas free jets blowing against objects
perpendicular to their axes, by Keffer-Baines {34], Bradbury-
Wood [6], Crove-Riesebieter [12], Gelb-Martin [20], Jordinson [33]
and the authors of [41] and the research results on the
expansion of smoke clouds from hot chimney flows by
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Bosanquet-Carey-Mech-Halton "41, Wippermann 77} and Rauch 40
because all these studies treat rotationallv svmmetrical jct-

and, therefore, do not adequately describe the largely two -
dimensional recirculation flow. In this work, then, we must
follow a new route in order to describe conditions in the warm air
clouds which rise above the site of separation and then blow away.

Model laws for the recirculation flow are important for the
interpretation of model measurements. In this respect, Cox-
Abbott [11] in 1964 and Behnert [5] in 1970 have propo-ed
model parameters with which the results from model investigations
with jets of low nozzle Mach number and excess temperature could
be recalculated to such higher Mach number and temperature. / 17
But such recalculations between the model and the original
are reasonable only if the flow conditions for the two are similar.
But this similarity becomes questionable because of the changed
expansion laws for the high velocity jets in comparison to the
free jet with lower nozzle outlet velocity demonstrated in this
work. Hall [23], who made comparative measurements of engine
intake temperatures on a large model with real engines and a
small model of the same configuration in 1970, came to the
conclusion that there is similarity in recirculation flows only

if the initial conditions of the engine jet, such as temperature,
Mach number and degree of turbulence are identical for the

full scale design and the model. Seifferth [66] confirmed this
model. He investigated the model similarity of hot gas wall
jets, withi the critical nozzle pressure ratio and the nozzle
temperature identical, but with the nozzle dlameter varied
between 10 and 50 mm. He established similar temperature and
dynamic pressure/profiles. Also, Hueber [32] had shown as early
as 1964 that complete similarity of the recirculation processes
between model and full scale are attained only if the original
jet temperature is maintained in the model experiment. To be
sure, he writes nothing in his work of the important Mach
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similarity.

In summary, we can say that today, in spite of the many
:xperiments which have been done with VTOL aircraft models, thc
flow mechanism of the supporting jet and its secondary flow is
not yet completely explained. Thus, it is not yet possible to
nake a theoretical prediction of the engine intake temperature
to be expected because of recirculation as a function of the
:xhaust gas parameters of the engine, the height of the nozzle
ibove the ground and the wind velocity. In this work, the
expansion laws of the VTOL supporting jet are investigated with
realistic nozzle temperatures and Mach numbers.

To do this, w2 have performed systematic model experiments /18
on free jets, and on wall jets and their separation behavior as
influenced by the wind. Based on these results, we have developed
a method by means of which the recirculation flow for a single
lifting engine and its intake temperatures can for the first time
be calculated. These theoretically determined values are tested
by model :xperiments, and have been confirmed. The temperature
increase to be expected at the compressor intake due to wind
recirculation for a certain ¢ .gine configuration has been presented
so that the project engineer can read it off a diagram (Figure 47).

3. Theory
..1 Recirculation velocities
3.1.1 Application of the potential theory
Here 7e shall present a method with which the velocity
vectors of the entire three-dimensional recirculation flow field
ca:: be calculated in the near and far vicinity of a lifting

<nginre blowing vertically onto the ground, according to potential.

10
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theory. By definition, potential flows are frictionless flows
of constant temperature. The absence of friction is fulfilled
well in the recirculation flow field, but we cannot speak of
an is thermal flow.

As the following estimate will show, however, the temperature
differences in the secondary flow field are so slight that the
thermal lift forces due to local excess temperatures are small in
relation to the kinetic flow forces generated by the wind flow

and the suction effect of the jet. This can be clarified by thc
ratio

kinetic force q 12 ~ _Re_2 (3.1)

buoyancy force 13-g-1/T . 0.9 Gr
a

Choice of the reference length, 1, determines the numerical
value of the ratio. The displacement thickness €y of the wind
boundary layer is considered to be the most reasonable length
for formulating the Reynolds and Grashof numbers for the
recirculation flow. According to Schlichting [56] this makes
up some /3 of the total boundary layer thickness for a plate
with longitudinal incident flow. Corresponding to Figure 112,
then, the wind boundary layer thickness is about 6 m, so
that 84 is some 2 m.

The velocities in the recirculation flow field studied
vary between 5 and 20 m/s (Section 4.2). This corresponds
to an dynamic pressure range of 1.5 mm water < q <’ 25 mm water.

According to Section 4.3, the recirculation temperatures ¢
vary between 0 and 25°C. If wa select for this estimate the .
extreme value 6'= 25°C, and an ambient temperature T, of 288°K,
then the characteristic ratio shown above is between the limitg:
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8 < ginetic force < 130

buoyancy force

In the recirculation flow field, the kinetic force exceeds
the thermal force by one to two orders of magnitude, so that is
the dominant quantity for the course of the flow, and allows the
treatment of the recirculation process according to potential
theory.

3.1.2 Description of the potential theory model

If one superimposes a series of sources and sinks in the
proper wday, it is possitle to induce in the vicinity of the
singularity a velocity field similar to that caused by a lifting
engine blowing on the ground. The secondary flow field induced by
the lift engine and the supporting jet are described with the
potential theory mode. The flow conditions in the primary jet
itself and in its adjacent turbulent mixing zone cannot be
reproduced with this method.

The depression effect of the engine intake is produced by
two adjacent point sources and point sinks with different
strengths. The suction effect of the free jet and the wall jet
can be simulated by line or area sinks. Light section photos
of the free and wall jet intake flow show that the inflow
direction of the secondary air at the jet boundary is not
perpendicular to the jet surface. The inflow direction departs
from the normal at the jet margin. Thus it is reasonable to
place the line sink causing the suction effect of the free jet
at the jet axis and not at the outer jet surface. A similar
situation applies for the area sink of the wall jet. The

‘'separation of the wall jet from the ground, caused by wind

and thermal buoyancy forces, can be reproduced well by the flow

12




induced by a source on a cylindrical shell along with an
adjacent annular sinx. Because area singularities always f{low
to both sides, the in-flow from the cylindrical source which
would disturb the recirculation flow field must be absorbed by
the ring sink. It is shown in Appendix 9.5.8 that the separation
line directed against the wind is deformed from a circular ring
to an ellipse. Therefore, in the potential theory mode! also,
the area sink simulating the wall jet and the source-sink pair
representing the separation, the cylindrical source and the
ring sink, must take on an ellipcical form when the wind blows.
The wind flow itself corresponds to a translational flow with a
velocity gradient. The effect of the ground ‘s generated

\\ by reflection of the potential flow.

The complete potential theory model with the various / 21

singularities for computation of the recirculation flow velocities
is shown in Figure 4 and in the following table.

b
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T T -
No. of the Type of the Physical Siznificance |/ 2
singularity in| Singularity
the pctential
model |
'
. . i |
1,6 Point sink Engine intake
2,5 Point source
3,4 " Line sink Free jet
Area sink Wall jet Without wind
Ring sink Separation
9 Cylindrical lccation
source
7 Elliptical area |Wall jet With wind
\\ sink blowing
8 Elliptical ring
gink Separation
9 Elliptical location
cylindrical
source

The velocity and its direction at an arbitrary point in the
y-z plane appears from the vectorial sum of the components Uges
and V, .. which are made up of the induced velocity components
of all the singularities of the potential theory model:

U

ges U1+02’U3+OOC...Q.'....Uic’uw

v

ges V1*V2+v3+......Ol'.‘.‘vio .

The velocity components induced by the individual singularities
of the potential theory model in the y-z plane of the spatial
coordinate system are derived in Appendix 9.2. As they are
calculated from potential equations, the potential functions for o
the various source types are presented here. For completeness, s
the potential functions for plane flows are also given:

2
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two-dimensional three-dimensional ; L_iiw
El - -.1
(3.2) poiat source -— °='f;'v'i
_ A S
i } c —L.y -...1 v f : X
(3.3) line scurc ¢=5=+z+1lnr Yz -pme T g Z as
1V 17 (-
3-4 rce - — j - * J Z A%
( ) area sou ) 5T F Z Inr ds | ¢ I F g S dr
. 7
: e 0ol v[ v
(3..)) volume source --2-- v £ lnr ar °-‘n‘i"—v' )(]}; av
Here V 1is the magnitude of the source. 1, ¥ and V are the
length, area, and volume sizes of the source and r 1is the
distance between the induced source point and the induced
field point. The induced velocities at the field point are
obtained by differentiation of the potential function
- d¢ . d¢
u = dy ° v = az (3.6)

As long as we are dealing with simple integrals in the potential
function of the potential theorv model, this can be solved;

but double integrals, because of their complex structure, can be

_ integrated only once. The remaining residual integral must then

. be solved numerically. Superimposition, with the proper signs,

’ of the induced velocity components of the individual singularities
is done very carefully because of the complicated structure of

the potential theory model and the difficulty in understanding the
form of the integral equatioms. /

The source strengths and the geometric dimensions of the
model are necessary boundary conditions for the potential theory
calculation.
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Half the sink strength of a sing'.larity is equal to the /24
velocity component induced perpendicular to its surface. Thu-,
the sink strength of the jet is identical with twice the velocity
at which air is drawn into it. The distribucions of the free jet
and wall jet inflow velocities are given in Figures 9 and 10.
The extents of the singularitics number 7, 8, and 9 are determined
by the separation length of the wall jet, shown in Figure 11

as a function of the wind velocity and the nozzle Mach number.
3.1.3 Calculation of the recirculation velociticers

The velocity vectors of the secondary flow field of a
single lift engine blasting vertically onto the ground have been
calculated according to the potential theory method with the
boundary conditions measured in Appendix 9.4 and 9.5. For this,
the integrals appearing in Equations 9.45, 9.47. 9.51, 9.52,

9.58 and 9.92 were solved numerically with an electronic
computer using the Simpson method with a step width of 0.2.

The velocity vectors thus calculated were plotted, with computer
assistance, on a Graphomat. For reasons of computing technology,
the variable source strength q(y) of the free and wall jets

were not inserted as polynomial functions into the potential
equations, but were treated as constant values for each section.

e
¢
i
]
g
g

The exhaust gas jet parameters in the computer model were
selected on the basis of the nozzle values calculated in
Appendix 9.1 for the RB 162-31 engine. The jet temperature
must be changed, however, ic the value obtained in the model
experiment for which the sink distribuiions were determined.

The secondary flow field was also calculated for the modern / 25
two-shaft Rolls Royce RB 202 lift engine, although the boundary '
conditions for this two-shaft jet were estimated from the
velocities averaged for the primary and secondary jet, (Figure 5).|
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Figure 5. Rolls-Royce RB 202 two-shaft lift engine.

The following table shows the various configurations for which the
velocity field was computed.

Figure 12 represents the basic case for the secondary flow
of a single supporting jet. Here, in still air, surrounding
air is sucked into the engine intake, the frze jet, and the
wall jet. In the RB 162 the engine intake is some fcur nozzle
diameters above the nozzle plane. Flow into the inlet is attained
by a point sink in the intake plane and a point source some two
nozzle diameters below it. The source under the sink has the
nurpose of simulating the cngine contour, with the resulting
dipole flow. The volume flowing from the source to the sink
does not participate in the volume balance of the model. 7t is
only intended to produce a physically reasonable engine intake
flow. The sink distribution of the line sink of the free jet |
and the area sink of the wall jet is taken from tha measurements /[ 27 ¢
across the intlow velocities (Figure 9.10). B
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At a distance of 41 m from the jet Impact poine, the waii
jet separated from the ground along a circular arc becausc of
thermal buoyancy forces. At the site ot separation, the wall
jet has a thickness of about 4 m, so that the separation _ s
represented by a cylindrical source 4 m high. Its source
distribution corresfonds to that uf a wall jet vzlocity profile
with the maximum value at the ground and the zero position at
4 m elevation. The volume flow moving from the cylindrical
source .0 the outside must be equal to that injected by the
intake, free jet and wall jet. As the cylindrical source sends
a volume flow both inward aud ouvtward, but the inward flow is
not nhysically reasonable in the existing model, and must not
affect the secondary flow, it is completely absorbed by a ring
sink which is 0.5 m inside the cylindrical source.

In Figures 13 - 18 the secondary flow field ic shown
superimposed on a wind flow with velocity profile having
reference values of 5, 10 and 20 m/s at 3 m height, acccrding to
Equation 9.144. While the engine intake flow, the free jet, and
the surface covered by the wall jet going downwind remain
unchanged, the separation line running toward the wind is
deformed by the premature wall jet separation into half an
ellipse, with the major semiaxis across the wind direction.

Now the two basic surfaces of the wall jet, the ring sink 38

and the cylindrical source 9 take on an elliptical shape in the
two quadrants turned toward the wind. Thus the angular distri-
bution of the singularities 8 and 9 becomes a function of ihe
angle ¢y . At small angles the path of the wall jet is short

and the volume flowing out at the site of separation is correspond-
ingly smaller than at large angles Y, Furthermore, the height of
the cylindrical source 9 also changes as ¢ varies. The
cylinder height must always agree with the actual wall jet
thickness for the different separation lengths.




!
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it provcd expedient to arrange the cylindrical source
about Z20% in front of the incatiuvn of the separation lin= which
was establiished in Appendix 9.5.8 through light section photo-
graphs of the maximum radial path of the wall jet, because the
flow out of the cylindrical source still runs for a certain
distance horizontally against the wind before it reaches the
location defined as the separation radius.

The minor influence of the sink strength of the engine
intake on the recirculation flow field was demonstrated in
Figure 14. Here, the entire engine and .ts intake sink is
neglected in the computation. This flow field differs from
Figure 13 only in the nearest vicinity of the engine. Thereforse,
in recirculation model experiments, one can reduce the realistic
sink strength of the engine intake, which can usually be attained
only with great experimental difficulty, without falling into
serious error.

In Figure 16, where a nozzle Mach number of 0.7 was used,
the sink strengths of the free and wall jet, for which there
are no measurements, have been estimated. Now the separation
point jumps back dangerously close to the engine. The rising
hot air now has only a very short path to traverse back to the
engine intake. Along this path it can hardly find time for
significant cooling. Therefore engines with low-velocity exhaust

gas streams are more endangered by recirculation than those with
high velocity.

Increasing the height of the engine above the ground
(Figure 17) can affect the recirculation flow field oaly in the
immediate neighborhood of the free jet. Because its sink
strength is quite small in comparison to the wall jet, the
free jet, now longer, has no long~range effect on the secondary
air flowing around it. Furthermore the sink strength of the wall

20
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with greater nozzle distances.

Figure 1% shows ths rccirculation flow field of the RB 202
engine. ts high~-volume supporting jet with its low specific
impulse has a short separation distance and is, therefore, one
of the configurations severely endangered by recirculation. 1In
order to attain a low overall height relationship, the math-
ematical model of the RB 202 differs from that of the RB 162 in
having the engine intake one nozzle diameter above the level of
the nozzle and the point source for generating the intake dipole
flow only one diameter below the intake sink.

3.2 Recirculation Temperatures

3.2.1 Description of the model for temperature
calculation

Now we shall consider the calculation of the temperature
distribution in the recirculation flow field. In the recircula-
tion the hot gas wall jet separated from the ground is the only
heat source for the secondary flow. The hot free jet and the
unseparated wall jet do not contribute to heating the surround-
ings. The air about them which is heated by convection and
turbulent mixing is continuously sucked into them and carried
away with the jet. Warming of the air particles by radiation
from the exhaust gas jet is excluded because of the low
absorption coefficient of air.

In calm air, the rotationally symmetric wall jet separates
from the ground along a circular arc due to the predominance ot
the thermal buoyancy| forces. The continued movement of the
warm air in the atmosphere is determined solely by the lift
forces and the injection effect of the supporting jet. Whun




forces, the line of separation deforms into half an ellipse.

and the further expansion of the separated warm air cloud contir.-
ues under the prevailing effect of the wind flow. The math-
ematical treatment of the process is considerably simplified !,
the fact that the elliptically deformed separation line (Figure &)
runs approximately parallel to the x axis in the vicinity of the /30
central section (y axis). In comparison to the rotationally
symmetric case, now, the blowing back of the warm air onto .ne
symmetry line of the recirculation flow process can be considered
quite well as a plane process. The separation line is separated
by an infinitely long slot of variable width, from which hot

\\ gas exits with excess temperature and the initial momentum. The
expansion of this plane hot gas jet into the atmosphere

is treated first in Section 3.2.2, completely isolated from the
recirculation problem considered here. The velocity, temperature,
and width of the rising warm air flow are calculated without the
external wind effect and the sink action of the wall 3et. Only
in Section 3.Z.3 are the results of this calculation applied to
the recirculation flow.

The calculation of the plane ascending flow with initial
momentum can also be evaluated simultaneously as “he mathematical
description of the expansion laws of the hot gas fountains between
two wall jets ilowing into ea.h other, which is not treated
in this work.

3.2.2 Plane ascending fllow bad
? -/
In the literature, theoretical investigations on ascending
flows are published primarily on point-shaped heat sources
) (rotationally symmetric case) for which, in a neutral atmosphere,
the movement of the air stream occurs solely due to the buoyancy
force. Schmidt [57] has worked theoretically and experimentally

22




with the expansion process of warm air over point and lin sources
in a neutral atmosphere. We¢ have learned of other studies f(rom
England, such as those of Rankine {[48] and Rouse et al. [54
Morton [43], Priestley and Ball [47], Murgai and Emmons [45] and
Sutton [70] have set up more general theories on free
convection cver point sources of heat.
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Figure 6. Coordinate system of a plane warm air source.

We begin with the equations given by Schlichting [56] for / 31
the flows of mass, momentum and heat. x 1is the coordinate in
the direction of primcipal flow, (Figure 6), and y is the transverse
cosrdinate. u and v are the corresponding velocity components.

Continuity equation:

S eS¥ao (3.7)




Motion equation:

&u su suy. v _ 6P §°u 894
SRR RS LD Gl et JR RS
Energy equation:
2 2
§°T §¢T
peCp* (3— + u %i + Vv 3—) = R(;;E + E;E) . (3.9)

For the present case of recirculation flow, this equation system
must be simplified by means of certain assumptions. Thus, the
calculation is based on a steady flow, which is certainly a
great simplification of this highly turbulent flow process.

\\ But the results show that the calculation with steady flow
determines the average flow parameter with sufficient accuracy.

The pressure and friction terms are neglected in the motion / 32
equation, and the heat conduction and radiation in the energy
equation. The potential temperature ©' and turbulent fluctuation

=T A

quantities are also introduced.

As shown in Appendix 9.3, consideration of all these
assumptions leads to the new equation system which applies for
plane turbulent convective flow in the earth's gravity field i
without wind:

Continuity equation:

Su |, &V
Motion equation:
- §u aa 8t . (3.11)
p(u * ) 2 pege - P !
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S - -1 fg _ .7.4909a
o(u x PV ) = cp 8y ~ PTWax . (3.12)

Q
Q.

Q

For certain assumptions about the velocity and temperature
distribution of the warm air stream, these equations can be
simplified and integrated. With simple free convection, in
which the gas moves because of an excess temperature, 1i. e.,

a buoyant force, according to Sutton [71] the velocity profile
of the circular warm air stream can be approximated by a Gaussian
normal distribution

2

_ _ 2,2
\ T(x,r) = U(x)-e T /b (3.13)

where Ux is the velocity along the axis, b is a characteristic
width of the upflow and r 1is the current radius. The integral

then yields the simple value b2-U. As Schmidt [57]has shown,

the temperature and velocity profiles of a line source without

initial momentum is identical to that of the round source. The
Gaussian distribution function would, accordingly, also be the

proper profile shape for the line source. In the recirculation /33
flow considered here, the separation point at whick the two gas
streams, the wind and the wall jet, meet each other is replaced

by a line source with initial momentum and excess temperature.

»
%
vt
-
§
wh
§

There have been no previous measurements of the velocity
profile in such a plane "fountain", and it is difficult to make
predictions about them.

In the further considerations, therefore, we assume a profile
of the type such that the velocity within the upflow is a constant
equal to the mean velocity qm(x). Outside, um(x) = 0, This
! assigns a fixed width b(x) to the upflow (Figure 6).
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The same consideration applies to the temperaturc profilc.
Although the exchange mechanisms differ for momentum ard hcat,
for the present case of the plane buoyant flow the ratio of the
width of the velocit; profile to that of the temperature profile
is set equal to 1. Thus, we are calculating with a rectangular

profile, for which:

-b £y £ +b S\
ulx,y) = u (x) j for x = constant (3.14)

9'(x,y)= O'm(X)

The velocity with which the surrounding air flows into the
ascending flow at the edge of the jet is Vb. According to
Morton-Taylor-Turner [44] the inflow velocity is proportional to
the mean flow velocity in the x direction, with the proportion-
ality factor remaining constant.

Vp T acu. (3.15)

3
4
3
3

We can find o values for circular warm air sources in the
literature. For the Gaussian profile, for example:

a = 0,093 measured by Morton-Taylor-Turner [44].
o = 0.082 according to Morton [43].
a = 0.1 according to Murgai-Emmons [45].
For a rectangular profile: [34
a = 0,116 according to Morton [43].

Now the integrated equaiion svstem (the integration is described
in Appendix 9.3) is:
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Ix um°b = a'um (3
]
ol 2 _ ,Om
= um b =gb T (3.
a
' d0
d Om _ - ‘heg.a a :
ax &'brup 0, ® "Upd-g 6; dx . (3

The recirculation flow considered here represents an initial
value problem. For x = 0, we have:

b = bO
“m” Umo (3.
Om: Omo .

.16)

17)

.18)

19)

In order to obtain solutions independent of the initial values,

it is convenient to introduce dimensionless quantities here:

X x

g = b (3.20)
b
n = b, (3.21)
1/2
um a
- ¢ = 172 |0
(bo‘g) ( m) (3.22)
E_; o
A -<°"") (e"“)
5,/ (70 (3.23)
ae, b, (3.24)
Y = . .
W gm
a
27
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leads to:

Insertion of these quantities into Egquations 3.106, .17,
d
JECH CH 4
d 2
a‘;—:Cn = n*A

Now the initial conditicns are:

For

x = 0:

o ° i
Ao = 1
4 = Co .

The unknowns are:

< > ¢ =3

Parameter for the width of the ascending flow
Parameter for the velocity of the ascending flow
Parameter for the temperature of the ascerding flow

13 /-
D

r— s —

(3.25)
(3.26)

(3.27)

(3.28)

Parameter for the temperature gradient; generally prescribed.

With the substitution
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or

s g (3.32)

c = 8 (3.33)
2

n = %_ (3.34)

we obtain the final differential equation system for the infinite / 36

line source with initial momentum and buoyancy force:

dv
Vegg = W (3.35)
dw "
W‘a‘é‘ = Z.V (3.46)
dz _
ac = =y'V. (3.37)
Initial conditions:
£E =0
vo =%
., 2 3.38
Wy =g ( )
Zo = ‘o .

As Hdlscher [29] has shown, exact solutions tc these equations
can be found for

Y=o b, =0 u,“eb, =0 e'm+o

and




p’ﬁ“m*‘*mh .

The first casc rcprescits a lincar source in th: ncutral
atmosphere, for which the width and momentum are c¢qual to zero
at the origin. There is only one heat flow at the origin, which
generates a buoyant force which sets the air into motion. In thec
second case, the line source has a very definite average initial
velocity wu_  at arbitrary bU and O&o . General solutions

of the diffefential equation system can be obtained through
numerical integracion by the Runge-Kutta method. The calculation
was done on an electronic computer for various values of y. For
the value of practical interest, y = 0, the results are shown
in Figures 19, 20 and 21 for variable initial parameter ¢ .

For the initial value £,>1 the velocity ¢ first decreases
sharply and then approaches a constant value asymptotically.
As ¢, increases, the constant final velocity and the width of the
transition region increase until the final velocity is reached.
For %, <1 the velocity increases until it reaches the constant
final value. The width of the upflow grows linearly with the dis-
tance from the source and, at a given point, is greater for high
values of ¢, than for low ones. The excess temperature in the
upf.iow falls according to a hyperbolic function. The lower
temperature drop at larger initial velocities causes stronger
buoyant forces in the rising cloud, so that the constant final
velocity is also greater at high 9 values. At large ¢, values
the upflow reaches a certain distance from the source sooner than
with low initial ve’ities. It has less time for turbulent
mixing with the outside air, so that for the same initial temper-

S

atures the faster warm air stream always has the higher temperature.

3.2.3 Ascending flow in the recirculation flow field

Now we shall investigate the ascending flow in the
recirculation flow field. At the site of separation of the wall
jet the wara air flows vertically upward, 1is caught by the wind,

30
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turned into thc dircction of the wind, and thon blown awi.

Then the c¢loud of warm air fiies over the wall jet moving tcward
it, 1is sucked in by its sink actior, and for thc most part,
consumed. This prevents penetration of ambient air into the
underside of the hct gas cloud. To make possible a theoretical
description of this complex flow process, we shall greatly
simplify the recirculation proces for further consideration so

that the injection effect of the wall jet on the underside of the / 38
ar— e

warm ait flow is neglected. The recirculation flow is considered
to be an ascending flow with initial momentum, turned in the
direction of the wind.

This phenomenori can be observed at any smoking chimney on
a windy day. The smoke cloud is turned in the direction of
flow shortly after leaving the source. Investigations of this
turbulent expansion process have been made, particularly in relation
to dust and waste gas concentration at the ground in the direction
of the wind. Let us mention here, particularly, the works of
Keffer and Baines [34] and of Bosanquet, Carey, Mech #nd Halton
[4]. They attempted to determine the path of the smoke cloud
theoretically and experimentally. The formulas stated there
show how complicated the whole problem is. These publications
are concerned with smokestacks which can be considered point
sources. The make no statements about the temperature fields in
the clouds, which are particularly interesting in relation to
recirculation flows.

On the other hand, Rankine [48] has experimentally determined
temperature fields behind linear h.at sources across which the
wind is flowing. Let us give some of his most important results
here:
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grows with the distance from the heat source, the maxim' o
temperaturc decreases, and the temperature maximum moves to
greater heights. This means that the warm air cloud become <

wider in the direction of wind flow and risecs.

If the wind velocity is changed, then at a poinat

y = constant, the temperature boundary layer becomes smaller the
greater the velocity is. Correspondingly, the ma-.imum temperature
is higher. But this means that the time during which the turbulent
mixing with the outside air occurs is very importart. This agrees
~with the results for the ascending flow calculated previously. At
a high initial velocity Lo, the temperature was higher than at

low ¢, at an altitude ¢ = constant.

The recirculation flow under consideration differs in
important points from the flow which Rankine studies. Because of
the presence of the initial momentum, we cannot deal with pure
thermal convection in the recirculation flow.

In spite of this complex flow process, we shall state he -
a simple method by which the state within the recirculation cicud
cen be calculated. Assume that the mechanism of turhbulent mixing
of the warm air cloud vith the surroundin~ air under the infliuence
of wind is the same as without the wind. This is cextainly the
case for the low wind velocities which we are considering. After
the same times, the state of the warm air cloud rising in calm
air is identical with that o the cloud in the wind. Then, with
y the coordinate in the wind direction, x the coordinete in
the direction normal to that, Wy the velocity in the x direction
and w the mean wind velocity (Figure 7):

dy x w’dtof (3.39)
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Figure 7. Coordinate system of a plane warm air source with
a wind blowing across it.

If w 1is a constant value, then with the coordinates of Figure 7,

y = w - t,.

The time for the vertically rising cloud to move from
the source to coordinate x' can be calculated from

- dx
mx) o (3.40)
dx
dt =
Um(x)
xl
¢ = 5 x - (3.41)
A m(x) \

In the same time, the clcoud in the wind moving with velocity w

reaches the coordinate y'
xl

Yo S

o

X . 3.42
m(x) ( )

u
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In this way, every point y in the wind direction i~ as<icned 4
state of the vertically rising cloud without wind. For the
practical calculation, the recirculation velocity w(y) and the
time ¢t required for an air particle tc move from the separation
point R ayong path a with the recirculation velocity w(y) Lo
the engine on the 2z axis are determined by means of the
recirculation flow pictures, Fi,ures 13 to 18.

Y(y)
£ = —dL (3.43)

S

In this time, a rising thermal cloud moves with the velocity
Un(x) along the vertical path distance x'

x' = .url:ﬁl (3.44)
and at this position it has the same excess temperature as the
recirculation flow at the height of the engine. In this way,
the recirculation problem is reduced to the expansion process
of the plane ascending cloud rising vertically, calculated
in Section 3.2.2.

3.2.4 Calculation of the recirculation temperatures

Now the temperatures of the recirculation flow fields can
be calculated with the aid of the formulas developed in the last
two sections. As the temperatures near the engine are the most
inte-esting, the following example shows the calculation of
the average excess temperature on the 2z axis.

We choose engine configurations with a nozzle Mach number
M, = 1 and constant H/D = 3. The ambient temperature
O, 288%K. From the model experiments we take:
The separation radius R, treated here as the beginning of
separation, wnich is about 20% ahead of the values plotted in
34




\
o
VN

Figure 11.

The ma<imum temperature Omax of the wall jet at the point of
separation, according to Figure 96.

The mavimum velocity Unax of the wall jet at the point of
separation, according to Figures 98 and 99.

The thickness h' of the wall jet at the site of separation,

from the ground up to U = 0, according to Figures 87, 88 and 104,
The mean recirculation velocity W between the point of separation
and the engine, taken from the flow pictures in Figures 13 to 18.

The averages of the temperature and velocity are taken
by planimetry of the temperature and velocity profiles of the
wall jet as far as the velocity zero point, and establishing a
rectangular profile of the same area.

The first table shows the parameters which can be determined
from the studies which have been done. The calculation and its
intermediate results are shown in the second table.

L
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To calculate the equation J42
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a
the quantities u. o, bo and o must be determined. Oa , the

porential temperatﬁre of the surroundings, is set equal to the
actual surrounding temperature. O'm is the average excess temper-
ature of the warm air in relation to the surroundings. u, is
the average initial velocity of the rising warm air. In © the
present example, it is the vertical component of the wall jet
velocity after separation. Here it is assumed that it is identical
to the average wall jet velocity U, before separation. bo is
half the initial width of the rising warm air stream. Here, the
wall jet thickness h' before separation is chosen as the initial
width of the warm air. The following rough calculation confirms

these assumptions:

In the first configuration of the example the separation
radius R = 17.6 m, the wall jet thickness h' = 1.7 m, the

mean initial velocity u = 6 m/s. The rising volume flow
)

V& 27R-h'-up, = 1130 mi/s ,

According to Section 3.1.3, the volume flow for this config-
uration must be equal to 1,300 m3/s at the point of separation.
As the two volumes differ only insignificantly, we can set:

2:by = h' . (3.45)

The parameter o for the plane low velocity free jet is determined
by means of the velocity profile published by Liem [38] for

plane cold gas jets and the inflow velocities given there. For

o we obtain values between 0.103 and 0.107. As at€£§§8§6i4§6f¥i$§m 44




reduces the ratio of the intlow velocity to the mean jet
velocity somewhat (Figure 9), a slightly lower value is selccted

for the recirculation flow:
a = 0.10,

The value stated by Morton-Taylor-Turner [44], a = 0.11o,
does not appear suitable for the example being investigated.
The expression

£ = a-x'

A
b, (3.20

contains the height of rise of the warm air cloud, x' (Figure 7).
For the calculation, we first determine the time t required for
an air particle to move from the point of separation, R, with

the mean recirculation velocity w, to the engine on the 2z axis.
In this time, the warm air flow moves the vertical distance x!'

PEYTRTITIEN

while maintaining the ascending velocity U

Now, with the quantities {, and § known, the value of )
is read from Figure 21. From the relation

v/
\ = 2. m0a (3.23)

meao

o ANERBENENSRS

we can now determine the desired mean excess temperature e'm of
the recirculation flow in the vicinity of the engine.

In order to show that the calculation gives almost the same
temperatures in the model and the full-scale design, the results
for both engine dimensions are compared in the table.

Now we shall check whether the assumption made in Section
3.2.2 about the order of magnitude of the parameter v for the
temperature gradients of the surroundings is also justified
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for the example under study. According to Equation 3.2+,

X

“adx (3.24)
a a'(e'mlea)o

< 1s a measure of the stability of the air stratification. We

;Eall select the mean value for the ICAO standarcd atmosphere

(neutral atmosphere)
co
ix - -0,65 [00/100 m] .
With the other values listed in the two tables we obtain

=0,00093 < ¥y < -0,00226 .

Therefore the assumption we made, that y = 0, is justified.

4, Experiments

4.1 Experimental design and measuring technology

The VTOL supporting jet studies were performed on the
ground-effect test system of the DFVLR Institute for Air-Breathing
Engines at Braunschweig (Figure 8). The test system, which is
described in detail in [13], is in a large room, 10 x 20 m,
which can be moved on rails. A single model lift engine blasts
vertically downward onto a platform. In order that the results
would not be falsified by the ambient temperatures with long
blast periods, all measurements were always done in the open air
with the room rolled away. Thus, even with a wind machine
blowing against the recirculation flow field, no disturbances
could occur from the adjacent room walls.
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Figure 8. Ground effect test systea,|
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At the engine intake, a compressed air-driven c¢icctor ~ucks
in air and blows it away from the test stand into the opcn air.
The sink effect of quite different lift engine ~takes can be
simulated with the ejector suction system, consisting of a primary
nozzle, secondary air chamber with a controllable suction line,
mixing tube, Venturi nozzle and diffusor. The ejector works with
a critical pressure ratio on the primary side, and is supplied
from a rotary piston compressor (m = 0.8 kg/s, Ap = 1 bar).

The bypass ratio of the ejector can be controlled with a con-
tinuously adjustable iris diaphragm in the suction tube.

The air for the exhaust gas jet was supplied by a rotary
piston compressor which supplied up to 1 kg/s at a maximum
back-pressure of 3 bar. The air was led to a combustion chamber
through a segment 10 m long (113 mm inside diameter). There it / 47

was heated by burning of JP 1. The air throughput was determined
by means of a calibrated diaphragm in the tube ahead of the
combustion chamber. As one section of the compressed air line

%

between the compressors and the model consisted of flexible steel
kose, the lift engine, with its entire ejector and combustion
chamber system could be moved upward smoothlv by hydraulic power.

The wind effect on the ground effect was simulated by a

high-volume blower (V = 20 m3/s). The blown air moved through

a jet gulde system with several flow directors, ariving at the
engine model platform without twist. As the blower, driven by

a synchronous electrical motor, had no control of the rotation
rate, the wind velocity could be changed only by blocking the
intake cross section of the blower with throttle rings of different
sizes.

All the recircuiation tests were done with two different
engine models. The two models differed only in their height. 7
While Model 1 (Figure 24) had a total height of 7 nozzle diameters,
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Model 2 (Figure 25) attu.ined a height of 4 nozzle diameters through
adept design of the suction line. The extremely short dimensions
of the RB 162-31 engine, with a total length of 3 nozzle diametcrs,
could not be realized with a model of this type, with separate

air supply lines.

The temperature at the engine intake was measured with
nine 0.5 mm thick Ni/Cr-Ni thermocouples distributed across the
intake cross section.

The VTOL supporting jet was visualized with the light section
method (Figure 32). For this, a non-burnable powdery contrast
\\ agent (silicon dioxide) was blown with compressed air into the hot
gas line. 1t colored the supporting jet white.

A 6,000 watt light plane projector (Figure 26), during the /48
darkness of night, radiated an arbitrarily selectable plane only
a few millimeters thick over the entire flow field, so that an
observer standing perpendicular to it could see the flow conditions
in this plane. The deflection of the wind flow by an opposing

o s BB g wtion Sy L
.

wall jet and the flow directions in the secondary field were also
visualized with the light section method. A contrast medium
(silicon dioxide) with particles which were large, but which

. had a negligibly small sedimentation rate, so that they could

g follow the movements of the flow without inertia, is blown into
the secondary flow field, making the flow visible in the light

- section. The flow was photographed with exposure times of V15

: second, using a sensitive camera (1/0.95).

In the secondary flow field, velocities were measured with
temperature-ccmpensated hot film transducers, working by the
constant temperature method. In the transducer, there is a
glass wire stretched between two points. The wire is 3 mm long
and 0.15 mm thick, coated with a quartz film and then coated
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with vapor-deposited quartz. This type of transduccr was -~uitec!
for velocity measurements of Mach O to 1, and can be exposed to
excess temperatures up to 400°C. The temperature ccmpensation is
done with a resistance thermometer in the transducer socket,

so that the wire temperature is always maintained at 230° above
the ambient temperature. Temperatre and velocity fluctuations
with time were measured with UV-light recorders and storage tube

cathode ray oscilloscopes.

The measurements were plotted fully automatically by means
of a digital data processing system which interrogated the
measurements at a rate of 5 measuring points per second, and
recorded them on punched tape. The evaluation was done in the
computer center of the DFVLR, Braunschweig, with a Siemens 40004/45
computer.

4.2 Measurement of the recirculation velocities /49

Velocity measurements in the recirculation flow field of
lift engines require a great expense for measuring technology,
because it deals with highly turbulent hot air streams in which
the velocity and temperature fluctuations can even exceed the value
in the principal flow direction. The impact pressures of the
recirculation flow are on the order of only a few mm water, so
that pitot probes are unsuitable for velocity measurement.
Furthermore, pitot probes are directional, and would have to be
pointed in the main flow direction for measurement; but this is
usually not known at all. Because of its high degree of turbulence,
the recirculation flow at times blows obliquely even on those
pitot probes aligned in the main flow direction, leading to
erroneous measurements. Because of the temperature variations
which occur, hot wire probes are not suited for velocity measure-
ments in the recirculation flow field. Furthermore, the lifetime
of such probes would be very limited because of the unclean
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engine exhaust gas and Lhe particles Loru up [rom the ground in

the wall jet, transported in the flow field, and throw: against
the hot wire. In these studies, therefore, temperature-compensatcd
hot film transducers were used. They are mechanically stronger

than hot wires.

The velocities in the recirculation flow field were measured
at certain points in the y-z plane with hot film transducers
(Figure 28). Because of the high turbulence, 40 successive
measurements of the instaneous velocity were made at each

measuring point. The arithmetic mean

- 1 N
X = N X. (4.1)

[ N
L]

and the standard deviation

f N \ L350

1 -

S ;VN-:T z_ (xi-x)2 (""2)
1=1

were calculated. Figures 28, 29, and 30 show X and s. In

these experiments, the mass flow sucked in at the engine intake

was always kept equal to the .o0zzle mass flow.

A.striking feature of the recirculation measurements is
the high turbulence of the flow, which appeared with velocities
in two different frequencies, once as a fluctuation above 10 Hz
and then again as a low-frequency fluctuation below 1 Hz. The
velocity fluctuations recorded by a hot film probe in the re-
circulation flow field are plotted as analog values versus time
in Figure 31. Measurements become problematical where the turbulent
fluctuation velocities in the main flow direction exceed the mean
velocity, so that the local velocity changes its sign. Due to
their construction, hot wire probes measure the velocity without
sign, and do not differ between forward and rearward air movement.

e
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Loeme . - Cone .",.ﬁ"é’..'.




=
R
-

The experiments established that a changc in sicn of the
local velocity due to the high turbulence occurred only in the
case without the wind blowing. Here it was impossible to determin
the mean velocity through hot wire measurements alone. Only
measurement of the impact pressure yielded the true mean, which
was almost half as large as the value from averaging all the hot
wire measurements without considering the change in sign.

The flow directions at the measuring points were determined
with wool fibers and light section photographs (Figure 36). The
light secticn photographs explained the physical process of
recirculation particularly well. The engine waste gas jet is
marked in Figure 32, while the wind remains unmarked. In Figure / 51

33, contrast powder is blown into the lowest layer of the wind flow
while the exhaust gas jet remains invisible. The course of the
boundary line between the wall jet air and the wind, which can

be read from the photographs, is different with the two marking
methods. For instance, when the wall jet is marked, the line of
separation describes a higher arc than with the wind marked.

The cause of this is the turbulent mixing of the marked and
unmarked air. The visible boundary line is the outermost course
of the turbulence balls from the marked flow which penetrate into
the dark flow. The visible boundary line with the wall jet marked
and the wind unmarked has the greatest predictive power for
recirculation studies, because it describes the maximum height

to which the air heated by the engine jet can arrive. If the
engine intake is below this line, we must expect a temperature
rise due to recirculation. If the intake is above it, only

cold surrounding air is drawn in. The measurement of this
temperature boundary line is described in Section 4.3.

In the measuvements, because of the test system, there was
a deviation of the recirculation flow of the model from the
original flow. This was due to the fact that thes profile of the
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wind velocity from the blower dropped o
and increasing distance from the middle planc. In the moldcl
tests, the recirculation flow lines described wider arcs, which
did not confirm the calculation (Section 3.1.3). Flows directed
upward were deflected less strongly at greater height because
the wind was falling off less there, so that they could rise

higher.

A second effect, causing even more error in the recircula-
tion measurements, occurred particularly at low wind velocities.
The wind profile. dropping off transversely to the middle plane,
biew with a lower velocity against points at the side of the
wall jet than against those in the middle. Thus, in these
marginal areas, the flow length of the wall jet increased up to / 52

its separation. The separation line took on rather a straight
course instead of an elliptical one (Figure 37). This form of

the separation line made possible "ransport of wall jet air

toward the central plane, which then increased the flow
velocities in the plane of symmetry. This cross flow caused the
high recirculation flow velocities at great distances above the
ground. These were almost twice as high as (e wind velocities
prevailing at this height. This, too, contradicts the calculation
(Section 3.1.3) because the ricirculation velocity can be only
slightly greater than the local wind velocity.

3
3
i
3

These errors in the recirculation measurements would not
occur if such tests were performed in an appropriate wind tunnel
with a rectangular velocity profile.

4,3 Measurement of the recirculation temperatures

In the recirculation flow field and at the engine intake,
the temperature was measured with 0.5 mm thick NiCr-Ni thermo-
couples. The measurements were repeatedly interrogated by a data
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processing system and averaged, and ¢ pl doversus Uime bRy

a recorder, so as to learn the turbulent temperature filuctuations.
The averaging and calculation of the standard deviation followcd
the equations given in Section 4.2. The results of the tempcrature
measurements in the recirculation flow field can be seen in Ficurcs
28, 29 and 30. Figure 38 presents a recording of measuremc..is
obtained with a temperature probe moved in the recirculation

flow field by means of a probe moving device. These temperatures

were plotted versas time and path.

In Figures 39 and 40, on the other hand, the temperature
is plotted only versus the path. The boundary line bectween the
\\ recirculation flow heated by the engine jet and the wind blowing

~~
wn
(W8]

at ambient temperature can be seen most clearly with this

presentation. This recirculation boundary linz was defined as
the location where the temperature profile has dropped off to 10
te 20% of its maximum value. This separation line is identical

e

‘ with the visible boundary between the marked wall jet and the

{ dark wind air on the light section photographs (Figures 34 and 35).
’ It can, then, be determined without temperature measurements, sole-
ly by marking the engine jet and illuminating it with t =2 light
plane projector.

Measurements of the temperature profile of the recirculation
+ cloud on the z axis ia height above the engine were done at a wind
: velocity of 14 m/s, although for technical reasons it had to be

%. done 200 mm in front of the central axis of the engine. It
%_ establist.:d that the temperature profile for both engine models
%f increased to its maximum value some 6 nozzle diameters above
%‘ the ground and then gradually decreased upward to the value of

&
%%
o
y

the ambient temperature. The temperatures averaged over a period
of 30 seconds, and the maximum values which occurred, are plotted
versus temperature in Figure 41l. From this presentation we can
see clearly that engines with compressor intakes low above the
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ground suck in warmer regions of the recirculation cloud and arc,
therefore more endangered by recirculation than those with high
intakes. In Figure 42, the recirculation temperatures measured
for various nozzle temperatures are plotted for the maximum of

the temperature profile, 1in the plane =z = 6D.

For both engines, the engine intake temperatures were meas-
ured with thermocouples in the intake plane. Figure 42 shows a
temperature curve recorded over thirty seconds in this way. In
contrast to the intake air temperatures of lift engine arrangements
with which fountains occur, the temperature distribution in the
intake plane is quite even with wind recirculation. There is
\\ only a slight increase in temperature toward the windward side.

As the flow line pictures (Figure 12) suggest, configurations /54

without the wind blowing show no increase of the average engine
intake temperature. If we superimpose a wind velocity on the flow
field and compare the corresponding configurations at the wind
velocities studied, then we establish that the temperature rise
at the engine intake due to recirculation increases as the wind
velocity decreases. While practically no excess temperature was
measured with a wind of 20 m/s, the mean temperature rise for
the configurations susceptible to recirculation was about 7°C
for a 14 m/s wind and 10°C with an 8 m/s wind. The position

of the temperature boundary line provides the explanation: At
low wind velocities, the temperature limit of the recirculation
flow is higher above the ground. Correspondingly, the

maximum in the temperature profile also shifts upward, reaching
or even exceeding the height of the engine intake.

s

The mean intake temperatures of Model 2, with its low
height ratio, differ from those of Model 1 in that they are’
higher by about 3°C in the Model 1 configurations, which are
susceptible to recirculation. This is because the intake for

A
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Model Z was lcwer undir the temperature boundacy e and -
sucked in warmer regions of the recirculation flow. For some
configurations of the Model 2, severe tempecrature increases
occurred in the intake, while Model 1 sh- d no recirculation
for the corresponding configurations. Theze would be the
recirculation limiting cases, in which the intake of the high
engine model was above the temperature boundary line, while
the flat-designed engine model was already washed over by the
heated recirculation -.loud.

5. Comparison of the theoretical and experimental results

~
w
(9]

In Figure 44, the calculated velocities of the secondary
flow field from Figure 12 are compared with the measured velocity
vectors from Figure 28. They agree well with each other in
magnitude and direction. At this configuration, recirculation
flow which would increase the engine intake temperature cannot é
occur. The hot exhaust gas jet has no effect on the temperature i
of the intake air. The lifting engine draws in only cold surrounding
air.

All the other configurations investigated witb wind effect
cannot be compared with each other so simply, as here the exper-
iment is detectably falsified by the mass transport to the symmetry
plane described in Section 4.2. The wide arc of the recirculation
flow lines after separation, shown by the measurements (Figures
29, 30) do not describe the calculated flow lines (Figures 13 to 18).
This gives rise to the idea of seeking a deficiency in the test
design as the cause for the course of the flow diverging from the
t*heory. Nevertheless, the flow pictures show clearly that the
wind velocity impresses itself predominantly on the recirculation
field, and all flow velocities are of the order of magnitude of
the local wind velocity. After separation, the wall jet air
is caught up by the wind, turned back sharply, and drawn in

W Fes T cogpomakte ST T 7 o
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again by the wall jet.

In summary, we shall emphasize here that only a steady
laminar isothermal flow field is calculated with the potential
theory mcdel. This is not identical with the actually highly
turbulent and heated recirculation flow. Conclusions about
turbulent mixing processes, such as the determination of the
boundary line between warm wall jet air and cold wind flow,
obviously cannot be drawn. But the experiments confirm that
mean turbulent velocities and their directions in the recirculation
flow field agree with those calculated theoretically. The math-
2matical method is able throughout to determine the principal
flow which is important for understanding of the recirculation
process and fundamental to the complex flow field. 1In addition
the calculation can also indicate clearly the parameters which
have the greatest effect on the flow picture.

In Figure 42, the temperatures of the recirculation cloud
at the height of the engine central axis are compared with the
results of the calculation in Section 3.2.4, The agreement of
the computations with the time-average measurements is very good.
While we dealt with averages of the entire temperature profile
with the calculated 0'nlvalues, the measurements are temperatures
at the profile maximum, so that they are slightly greater.

. As there is a drop in temperature at the engine intake
from the upwind to the downwind sides, the temperatures e'n
calculated for the configuration under consideration could be
considered as representative temperatures for the whole intake
plane for computing the engine thrust loss.

The temperatures measured in the intake of the Model 1
engine are compared with the calculated values in Figure 45.
Here, too, there appears a good agreement between the theorel . ..
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and the experimental resu'is. This might provide the prooi tiwat
the theory set up here provides quite accurate data on the re-

circulation temperature occurring at the engine intake.

Figures 46 and 47 provide diagrams for the practical
person. From these figures, he can read the results of the
recirculation theory directly in the parameters of interest to him.
By means of Figure 46 one can judge whether the engine configuration
being studied is endangered by recirculation. The upper limits of
the recirculation clouds visible on the light section photos

at the height of the engine center axis are plotted versus the /

wind velocity in this diagram. Engine intakes arranged high above
\\ the ground are always less sensitive to recirculation than those
with low intakes. Only at low wind velocities could the temper-
ature boundary line rise above high engine intakes, bringing

even such configurations into danzer from recirculation. No effect
of the nozzle temperature on the course of the bhoundary line

could be detected. If for a certain configuration the point of
intersection from the normalized ground distance, z/D, of the
intake, and from the wind velocity, is below the curve plotted
with the appropriate engine parameters (Nozzle Mach number and H/D)
then we have an engine arrangement which is susceptible to
recirculation,

Now the temperature rise which occurs can be taken from
Figure 47. Depending on whether we have a H/D configuration
in which the jet core strikes the ground or not, one moves
up in one of the right-hand columns above the nozzle Mach number
M, to the prevailing wind velocity w. From this ordinate value,
one now draws a straight line to the origin in the left half of
the diagram. Now the mean intake temperature rise can be read

above the nozzle temperature.
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The gucstion of how the transicnt peak temperuture-,  which
certainly must affect the dynamic behavior of the lift encine,
can be calculated must reiuain open, however. From the measure-
ments, they are not directly proportional to the means.

The calculation of such temperature fluctuations will probably
be successful only with better understanding of the turbulence.

0. Sumnary

The physical process of wind recirculation was treated in
detail. This type of recirculation flow will appear more
seriously in future VTOL aircraft. It is favored by the present
trend in engine development tco jets with more and nore volume
and lower cspecific impulses.

For a single engine blasting vertically onto the ground, the
mean velocities of the three-dimensional recirculation flow
generated by wind were calculated by potential theory. Average
recirculation temperatures were determined by using the expansion
laws of warm air clouds. These were tested and confirmed
by model measurements. The velocities and temperatures at the
engine intake plane can be predicted with sufficient accuracy
by the process described if the wind velocity, engine geometry,
and nozzle conditions of the exhaust gas jet are stated. Treat-
ment of the wind recirculation as a potential flow is a. owable
because it can be demonstrated that the kinetic forces occurring
in the secondary field are always more than an order of magnitude
greater than the thermal forces.

The investigations of the recirculation flow field led to
the following results:

For a single VIOL supporting jet, no recirculation can
occur without the wind blowing.
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the light section method, is a suitable criterion for judzin.
whether warm air can arrive at the engine intake through reccir-

culation flow.

The recirculation velocities induced from a rotationally
symmetrical exhaust gas jet differ only slightly from the local
wind velocities, which prevail over the entire fiow field. On
the other hand, the recirculation velocities of a plane engine

jet (series of engines) can amount to a multiple of the wind
velocicy [60]. /5

No/

Wind recirculation to the engine intake is favored by:
Low wind velocities

Engine intakes arranged low above the ground

High exhaust gas temperature

Low exhaust gas veiocity.

Aids against wind recirculation:

While the aircraft manufacturer can avoid fountain
recirculation through design measures in the airframe and

through suitablie engine arrangement, he is largely powerless
against wind recirculation.

There will be no jet engines not sensitive to recirculation
which will accept an increase in temperature of the intake air
without thrust loss as long as vertical takeoff aircraft use
air-breathing engines. In any case, it is possible to develop
engines which will "endure" the uneven intake condition (inlet
distortion) without severe power loss. For recirculation reasons,
the jet engine would have to exhibit a low exhaust gas temperature
at the same time as a high specific impulse. But such a solution
is excluded by the thermodynamic cycle., Engines with high
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specific impulse but simultancouslv high exhaust as tomperarne
encounter environmental protection measures because of thoi

greater noise developmcuit.

Probably there remains only the possibility of avoiding
dangerzus wind recirculation oy appropriate takeoff procedures.
The R/VTOL procedure (rolling vertical takeoff and landing)
described in [52] would be conceivable. In this procedure
the takeoff and landing could occur with a tail wind and a
horizontal velocity of the aircraft which would have to te
equal to the mean wind velocity. This horizontal velocity,
which the aircraft would generate itself, should keep the
warm air clouds moving over the ground away. The aircraft would
need to assume this velocity only in the very lowest takeoff / 60
and landing phases near the ground (perhaps up to 15 m altitude)
and that could hardly injure the advantages of VIOL equipment.

.

Dipl.-Ing. Eckart Schwantes
Institute for Air-Breathing Engines
German Research and Test Institute for Aeronautics
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and Astronautics, Braunschweig.
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Figure 12,

Calculated velocities in the y-z plane of the secog%sgz
flow field of the RB 162-31 lift engine, without wind.

M, = 1, H/D = 3,
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Figure 13. Calculated velocities in the y-z plane of the
recirculation flow field of the RB 162-31 lift

engine. M = 1, H/D = 3, W =5 m-/s

6 Separation radius of the wall jet.
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Figure 14. Calculated velocities in the K;z plane of the
recirculation flow field of the RB 162-31 lift engine,
without intake sink. M, = 1, H/D = 3, W= 5 m/s,
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Figure 15. Calculated velocities in the y-z plane of the recircul-
ation flow field of the RB 162-31 lift engine.
M, = 1, H/D = 3, W = 20 m/s.
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F ,ure 16, Calculated velocities in the K;z Rglama of the
recirculation flow field of t 162-31 lift < zine,
M, = 0.7, H/D = 3, W = 5 m/s. -
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Figure 17. Calculated velocities in the y-z planc of the

recirculation flow field of the RB 162-31 lift engine.

M, = 1, H/D = 8, W = 5 m/s.
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Figure 18. Calculated velocities in the y-z plane of the

recirculation flow field of t 202 1ift engine.
M, = 0.55, H/D = 3, W= 5 m/s.
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Figure 19. Velocity of a plane Figure 20. Width of a plane

ascending flow as a function
of the height.

Figure 21.

ascending flow as a function
of the height.
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Figure 22. Ground effect test Figure 23, Model engine 2
system with Model egine 1. during a test run.

Figure 24. Engine model 1.
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Figure 29.

Velocities and excess
temperatures measured in the
y-z plane of the recirculation
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Figure 32, Light section photo
of the wall jet separation, made
visible by coloring the engine
jet.

MO = 1, 8,= 550°C, W, = 8 m/s,
H/D = 3.

Figure 34.

Light section photo of the
recircuiation flow field,
configuration of Figure 33.

Figure 35.

Light section photo of the
recirculation flow field,
configuration of Figure 33.
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Figure 33. Light section photo
of the wall jet separation, made
visible by coloring the wind.

M, = 1, 8= 550°C, W = 8 m/s,
H/D = 3.
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Figure 36.

Light section photo of the
recirculation flow field,
configuration of Figure 33.

Figure 37.

Horizontal light section
through the wall jet, 50 mm
above the plate surface.

M, = 1, o = 50°C, W, = 14 m/s,
H/D = 3,
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Figure 38.

Temperature measurement . 1n the recirculation flow field, reasured
from two themocougles . t (0.5 mm diameter).

Upper half of the figure: H/D = 3; Lower half, H/D = 8.
Coordinates can be seen from !'l.gm'o 27. @ independently
measured mean of 40 individual measurements.
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9. AEEendix

9.1 Engine process

Special abbreviations in Section 9.1

Speed of sound

ots
v

Specifir fuel consumption

'Uﬁ\ U‘\ @

Molecular heat
Thrust
Lower heating value

L™
o

Specific enthalpy

Molar enthalpy

M-lar amount of air
Molecular weight

Molar oxygen requirement
Tower

Pressure

Volume proporticn

Molar entropy

Correction factor for the IS table
Efficiency

Air excess coefficient
Mass proportion

Mollier number

Q m > 3 W n Y " O XX o=

Indices
2,3,4,9 States in the IS diagram
2', 3', 4', 9! Isentropic states in the IS diagram

ad Adiabatic

B Fuel

BK Combustion chamber
D Nozzle

L Air

mech Mechanical

Str Jet
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T Turbine
th Thermal

\Y% Compressor

Calculation of the thrust loss of the RB 162 life engine with
temperature rise at the intake

Here, with the Rolls-Royce RB 162-31 lift engine as an
example, we shall show how sensitive jet engines are to a change
in the intake air temperature (Figure 1). This engine, which is
one of the second generation 1lift engines, has a 6-stage axial
compressor. The first stage is of aluminum and all the other
rotor and stator buckets are of glass-fiber-reinforced plastic.
A titanium wheel with uncooled blades is u-~ed as the single-stage ﬁ%
turbine. By means of this extremely light construction, the %
engine attains the outstanding thrust-weight retio of 16:1.

The calculation of the engine process is based on the
following data:

Compressor air throughput thy = 40 kg/s
Compressor pressure ratio P;/P, = 4.25
Turbine intake temperature T, = 378°C
Thrust with T, = 15°C F = 24,500 N
Fuel JP4 (Hu = 42,700 kJ/kg)
As no data can be found about the efficiency, it must be estimated
or calculated. We estimate that
Combustion chamber efficiency "BK - 0.965
Mechanical efficiency "mech @ - 0.99

The remaining efficiencies can be calculated iteratively throughb
the engine pcocess, with the cyclic process calculated through
until the two independent determining equations (Equation 9.28 and
Equati:n 9.30) give the same result. This method leads to the
following efficiencies:




mmmyt N

Compressor cfficicncy fres = .=
Turbine efficiency N = 0,84

' 0.935
These relatively poor efficiencies cre irteresiting. They are

I

Nozzle efficiency n

caused by the extreme light construction and the short length
of the lift engine.

The calculation of the engine process is done Ifrom the IS
table of Lutz-Wolf [ 397 {(Figurc 43).

~ 3 T amC— -,

gr i ,?vé/ ‘JJIM
S 39//4‘5_Ed”€_%

"2‘ 4‘?/’ A:N l
. Q)t .NQZZ1le
e P e6520c 1

a| Vd

2 4% Combustion chamber

#l

g

[

1

f— fJ'M‘C"‘ "/ , ,
A 1y o0

— fe30°C

43 Compressor
[l L2 TpeiS°C -
Fntropy®in kJ/kmol - degree

2

T; «-0°C

Figure 48, Engine process of the RB 162-31 in the IS diegram
according to Lutz-Wolf.

Point 2 of the IS diagram is determined by the ICAD standard

atmosphere. The volume flow through the compressor is considered
constant here for various intake temperatuves:
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Vv = — = constant.
o]

Final compressor pressure:

Py = PfS;.

Isentropic compression temperature:

k=1
Py
~ - m L3
‘3' - ‘2(_) R
2
Final compressor temperature:
T - T
- 3' 2
i, = + T, .
Compressor efficiency:
_la T
A MR P

Enthalpy difference in the combustion chamber:

Bigy = cppg (Ty = T3)

m
= nBK'Hu' :T:‘- .
L B

mB is the fuel consumption.
The specific fuel cconsumption is

.0
b T .

Air requirer-u+ and molecular weight of the exhzust gas:
The fuel, JP4, is composed of the following percentages by weight:

T vl W BT G308

(9.2)
(9.3)
(9.4)
(9.5)
/ 84
(9.6)
(9.7)
(9.8)
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o

N Carbon - Y5040
h Hydrogen = 14.47
s Sulfur = 0.15%
) Oxygen = 0.037
99.937%

According to Baehr [2], the oxygen required for complete

combustion is

kg 0,
6. = 2,664°c+7,937'0+0,998+s-c = 3,41 | ———| (9.9)
mi kg fuel

s

The air requirement is

o . ‘t(g 02
L. = C‘““ z 14,7 —_—] (92.10)
min 07 kg fuel
in which §o, = 0.232 is the mass proportion of oxygen in air.

ty, [kg] fuel required for combustion with g - L, [kg] air.
Air excess coefficient:

amount of air actuallv nass < @ =~ou~™

A = Amount of a.r needed fcr st¢ aiom = COmPUSTION
T — = 3,6 (90]1)
mL'x‘min
Mollier number: [ﬁi_
h-(9-°8-3)
0 5 143 e 3 1,51 , (9.12)
c

Volume proportion of fuel:

0,21 * ¢ (9.13)

} of
€02 * CToThmo 2170, 21+ 1, 26°8 ~ 00038
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Top 7 rCOQ (A-1)+g = 0,149 i)
0,75 -
= : A = 9,17
Try T Tcop og21 V° 0,775 (9.15)
- E°h -
Tho * Teo, ¢ = 0,038 (9.16)
2 2
1,000
Residual air gas 0,0
1,000
According to Lutz-Wolf [39] the B-value is:
3= o.9#-r‘,2+1.23°r°:+2..20'rH2o+u.o'rcO2 = 1,15, (9.17)
Molecular weight of the exhaust gas:
1 1 = 28,925 [z ]
M= 23.;6°rN2+32.o-r°2+18.o2 .H20+w.o r:o2 = 28, xmol | . (9.18)

Now the compressicn process can be expressed by the molar enthalpy:

O

oy, =€ (T-T.) \
ly pm 3 "2 (9.19)
in which the mean molecular heat is defined as:

.H . (9.20)

The combustion chamber final state @s:

P, = Py combustion chamber pressure loss (9.21)
1, :{p“ ‘T, (9,22)
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1o (R S = ¥ A ) PL AN NPT

T n (" )
m
Al
AT = Y 9,24
8 ad n*n (9.24)
m T

so that it can be determined in the IS diagram, point 5.

The rozzle process:

In the nozzie, the exhaust gas expands to .he ambient pressure
Py- The enchalpy differerce of the nozzle is read in the IS
diagram.

> “faa Mp (9.25)

Thus, point 9 is fixed in the IS diagram.

Noz:le outflow velocity:

13 F
U. = - 5 e 3 2°n 'Aj_v
9" - i #hy th BY (9.26) |
Outflow Mach number:
Ug
H9=;-9- (9.27)

where ag 1is the sonic velocity in the exhaust gas.

The thermal efficiency, which is defined by the ir:ii:"dual
efficiencies and the enthalpy differences, is:

(1,-1 ’!-r:“s"s"‘o'ua"lg”"v (9.28)

n H3
th I, - fa

38




It mus: be equal to the cfficiency dztermined from the ratic o7 /=7

jet pcwer ard fuel power:

. _ “str (Q.29)
S
e} PB
2
- - u"
™ T .3
,_ _ ( ot B)_'Z— (9.30)
mB' hu

P
]

>
v

[ ,
[ T LI A |
e
T
8
T

o
-
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L | |consumption ,.
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Ot o\— 0 i l
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Compressor intake temperature<«

Figure 49. Engine parameters of the RB 162-31 as functions of the
compressor intake temperature.

The results of the calculation'are plotted in Figures 2 and 49
versus the compressor intake temperature.
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9.2

Potential Theory

Special atbreviations in Section 9.2

Ellipse radius

Distance

Constant value for the sink distribution

Cylinder height in the z direction

Lengths on the z axis

Veloc (ty compcnent in the positive y direction

Velocity component in the positive z direction
Horizontal coordinate from the jet impact point outward,
across the wind direction

Hori:ontal coordinate, from the jet impact point outward,
opposite to the wind direction

Vertical coordinate, from the jet impact point out.ward
across the wind direction

Moving coordinate in the z directicn

Moving coordinate in the x or ~ direction

Mcving coordinate in the y direction.

In tne following, the velocity components u and v in the

y-z plane of the yxz coordinate system are derived from the
potential equatioms 3.2, 3.3 and 3.4.

Point source:

90

The potential equation of the poiat source is:

¢ = - TvE (3.2)

i
-
%
z
3
2

89




[ T

A(y0z)

bt — e
=
'

If the source point is at point P on the z axis of the yxz

coordinate svstem:

6 - - L. 1

4w ‘”gz . ‘2_()3' (9.31)

Differentiation provides the velocities at the field point A:

. o¢ Vv 3 (9.32)
“ Y ;-n- ' [520(2_‘)1‘]’3
(9.33)




Line source:

©

Aly.0z)
4

q) = -

where n is the moving coordinate of the source in the z direction.

u =

The integral gives

92
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4 ”(Z."‘)l“‘z

1\ sh
Gr L

0 _ 1

v o y
S T Ul et
. L
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4 |y '{(l-q)““j‘ l
AN (Rl Bk )
LR TR TR
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(3.3)

(9.34)

(9.35)

(9.36)

- (9.37)




o 1 )
v a4V S" R 2k SR (9.3%)
JZ &7 { (' [‘(z_.?)l"jl])/l 1

1 v 1 1
v = _'T’(ET—_—:‘ - --___ﬁ) (9.39)

Circular area source

I1f one covers a circular disk with the sink distribution
C] = y— (9.40)

the potential equation for such a surface is

-2 d¥ - dn
b A V(x_f)l+(,i-’l)2+z?

where ¢ and n are the coordinates of the area sink.

(9.41)

Aly0z)

e B S8 S 1o




Because of the rotacional symmetry, the field point A mav be placed

in the x-y plane.

If we select polar coordinates, then we have for the

Inducing point P: Field point A:
§ = recosy y =y
n:r-sin\p X = 0
z=o0 z =z,

The potential equation of the area sink in polar coordinates is:

r Q
o = j—“ T drdy . (9.42)
‘”T VTI-25‘7"0‘?‘3192_1'

00
Then the radial velocity component u is:

= éﬁ 9 Tr (-2T-tos\p+2y)-~r.df.d¢
Jy

i ~
4 1A 2(-.'[;1_25..,,‘,",,31,22 )

The integral is split up and integrated separately:
R

ir R
" - _%i[£%+£%3]4,. (9.44)

According to Bronstein-Semendjajew Integral No. 253 [9]:

u . (9.43)

~ (o8 Ll (oup.{ [2-4% oo~ (yhs2*) ] T -y coso (§ +2?)
Y‘aﬂ P [(sz* ) -yt oyl Y —
R

*ln[Z-(}’_—_f +~r-5-cnf)]} '

and according to Bronstein-Semendjajew Integral No. 250 [9]:

R :
rdr  [-4ereee  (yler?)] oy |
o) — |

(y'e2d) -y costy -
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(9.45)

fg-[ R-y-erip -yt-3l
{ (4222 - yleodty) YR: 2Ry Cos@ + y P

1
+ $-2 ]-(OSY(ZR wh sl -R’ =R 2 - yocos o (4t 7)
. .2
(4*+2'-y2 cobg)Ygte? (y'+2 3" oy RE 2Rg s pryiea®

g-(os%(yz*?-z).

(g% 2™ g odp)V

+

+n[2(f R‘-zes-corm’+z"+ﬂ‘*“°“’)}

- [ 2 (g2 -s-cw)])} dy .

The vertical velocity componant v is

v Q
i é@ i z--r-_dr-dcp

V = - i g{ —— .
Jz b Nf‘-?g-rmw*j’*i' )3

00

(9.46)

The integration is performed according to Bronstein-Semendiajew
Integral No. 250 [9]

S
:
k1
<
=
E
k-
2



o
MW,‘, <

R

e

2

¥ (Lyress (e e
. -} 1 4

é (yr+2?)+ 32‘5"‘2?"3[?2-2‘_('T{auyfngzl i 10 Y

3y
g 2. R-y-cosg - ylez? (9.47)

g L (‘jz’ 22‘gi‘fOSz?)JRi-Q.RS.CO‘? fgi,zl‘

-~ -

a
4

‘32.”22

) (42422 - 2 cos'9)f 42,22 ] dy .

Elliptical area source

This is des~ribed by the potential equation (9.41), in which
we insert

a(y) = R-R:|cosy]| (9.48)
for the integration limit R.
As the flow is to be calculated only for the y-z plane,
the field point A may also lie in this plane. The solution

is reached as for the circular area source, with, to be sure,
the new integration limit a.
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A A(y0z)

v

Circular ring source

The potential equation for a circular ring source is
derived from the line source

V. (4.
¢ = -m g Td‘ . (3.3)

é

with the sink distribution

-0
.
<

WY Ao .




and the segment R expressed in polar coordinates hecomes the

potential equation of the circular ring source

r

R

(9.50)

o VY -RI42%-2R g cosy

2w
d¢ ) S R-(4y-R-cosyp)
U B e =
S ") TRty 9 O
r
v = 5"2 - { R-2 (9.52)
Y by

(¢~ R*+2-2 Ry corg)A
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/ 9t
Ellipticul ring source with variable source distribution
The potential equation of the circular ring sourcc, Ear * ‘on
9.50, applies here.
e
X )
C qlp)
~ \\\ t
=
- I
o&" LA !
//t’ Lr_' { -
- — ——
— 4 y
R L) ///lf\e
Sy <7 <C
277 O s
// -
//
el
Pl =

In Equations 9.51 and 9.52 we place, instead of the constant source
radius, the variable

a(e) = R-R-|ose| (9.53)
and far the variable sink distribution
q(e) = q-B-lcose| (9.54)

Source on the covering surface of a circular cylinder
Proceeding from the poteutial equation of the area source, 3.4,

dy-df

R |
¢ by F g .-J(.‘.’)s.".(zog)!

(9.55) |



ey

Breespangraat . n T

in which the distaince between the inducing point T and the
field point A 1is expressed in polar coordinates

£ =R * cosy
n=R"* siny
Y

the potential equation of a source on the surface of a cylinder
becomes

¢=_4__.y’_H R d¢ - dy
woF 0 hy \Wﬂrk'q‘ (9.56)

Differentiation with respect to y leads to the radial velocity
component u

L Rese) Rode dy

2y R-os9e2- 227 ¢ R3e y
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The integral is split up and integrated secparately

o ha hy
W = L.V S[ [ Rlcosgdy | g.ﬂ.ﬁ.ﬁf_ ].d'q,
LT F H Uil hH ')
4
According to Bronstein-Semendja  ~ Integral No. 242 |97, / 98
\/ dy i} g -2 "
3 - ml
/ (4 ) (4% +R*-24-R-cosq) y( y*. 22y +y +R¥ ¢ 22-24-Rcos%) |
4 N2
so that
_—y (9.58)
4V 5 2 hy- 2 h.-z '
U s —. 2 (Y R=-Rbeosp) (R _ "TE)|.d-.
lmFo[S )(NEZ NE1)] '
Here

NEQ = (5‘+R2-25-R-cosq)'\/(h:-Zz-hz+gz+n"-¢ 2% 24Reesg) (9.59)

and

NE4 = (4 RE-24Rcosg)y (he -2k, +4RYs 7- 2yRcosy) . (9.60)

The vertical velocity component v 1is obtained from different-
iation with respect to =z

d¢ 1%2” (zr)Rdva'r
O h

Vv 2L - .
Jt 4u ‘ u,hg‘ox -23&:0;?)
N Y (9.61)
- AV s ; 2-R-dy f “Y-R-dy ].,l
wF ) " Camias

¢
3. ng




The first part of the equation is Integral No 2.2, which we have
alreadv solved. The second part can be solved by use of the

Bronstein-Semendjajew Integcal No. 250 :9j:

g ey _ 2-0 - 9-R1-2* 24-Recocy T
(" y (44 R*-2y-R-Cosy)Vy2-22p ¢ yHoR*+2%-24R-cose |
h
Now
. _ s
= 1.y r ha-2 ha-2
V = == . R _ ha
w1 F SOLZR(NEz NEr )

- R.(Z"’z'ﬂ"'"tz”sr“"“? _ zhad R’—z’+:s-r2-cas~r)1 do (959
N2 NE1

in which NE1 and NE2 are the expressions introduced on the
previous page.

Source with variable source distribution o che surface of a
cylinder with an ellipticeal base.

The potential equation set up in the last section, 9.56,
applies here, Now, in the potentiil equation and in the velocity
components u and v calculated from it we must insert instead
of R :

&
.
§

a(e) = R - R-lcosq| (9.63)
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and instead of the constant source distribution g we 7wn-U l.o-ort

q(9) = 9= B-lcosy]

9.3 Ascending flow

Special abbreviations in Section 9.3

Buoyant force

Pressure

Gas constant

Velocity component in the positive x direction
Velocity component in the positive y direction
Vertical coordinate, out from the origin in the direction

» < £ ™mT >

of w

y Horizontal coordinate, out from the origin across the direction
of flow

B Expansion coefficient of gases

Isentropy expohent

R

103

N g
-

o e




1N
8
LA

Starting equations:

In this section, wa shall show how »ne proceed: from the
general equation system 3.7, 3.8, 3.9 to the special equation
system 3.10, 3.1!, 3.12 for turbulent convective flows.

Continuity equation:

dew , Sev . g 3.7
Ju i Js 3.7)

Motion equation:
(u f
y.(—g‘t + ‘_“x ‘( ) X

Energy equation:

(‘[l Jﬂ} (3.8)

Jx Jy*

JT JT ST it ,5’
c + a—— = . - T
¢ ( “ vJs) A( Ta T) (3.9)
Simplifications:
Time term: i{—:: ~ O g
Pressure term: iSB ~ 0 [0l 4
2 o
2
Friction term: U L 94y o
/( Jx N ng) i
ileat conductivity: A ( ) ~ g'

According to Reichardt [50] the pressure term and the friction
term for.:lows of the free turbulence may be neglected.
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Pstential temperature

Pressure and temperature in the free atmosphere change with
the altitude. The buoyant force of a rising volume of air changes
both because of the decrease in pressure and due to the change in
ambicnt temperature.

Assuming an adiabatic change of state, a new temperature is
defined in meteorclogy. This is the potential temperature,

which is independent cf

the variation cf the pressure.
The potential temperature 6 of dry air is the temperature
which a volume of air assumes if it is brought adiabatically from
its actual pressure p to a reference pressure Por usually
the pressure at ground level. -

Therefore:

-
§

)_(_i
9 = T~(£2) © (9.65)

in which [ 1is the actual absolute temperature of the air volume.

The gradient of the potential temperature (temperature change/
path distarce, °C/m) can be expressed well by the gradients of
the actual absolute temperature and the adiabatic gradiert:

4.49 . Adl. (k1,440
© dx T dx K P dx
- 4.dT, (x-4y,

P&



. P e T

\,@}i"‘,
M
iy kN

SR
\
L *
. W 2% o v 4 o

/1072
with AP = -g.9-AX
a®
Ax—’o: a—; t -9 —3-9
.
P dx RT
The expression
= K- 9
[ -2 (9.65)

is called the adiabatic gradient.

For the atmosphere,

[ = ¢ 0,01[;‘6.] )

100 m

Thus, the gradient of the potential temperature becomes

449 _ 4 4dT
gax = 7 lg*T) . (9-67)

A: the ground, the potential temperature and the absolute
temperature are identical t definition. Near the ground, then,
this approximation holds:

@ = T+[-x. (9.68)

Figv e 50 shows the course of the absolute and the potential
t-.aperaiture as a function of the altitude.
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Absolute temperature
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Figure 50. Absolute and poténtial temperature in the atmosphere.
(1 August 1957, Seattle, USA)
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In the equation of motion, X is the buoyant force per unit %
volume in the x direction: §
3
i
A '
where
- . 3.
A 3-L(g,-p) . (9.70)

L 1s a length unit, and o,, p the densities outside and inside
the rising air stream, respectively. With the general gas equation

2
5§ = &%

v

v

+
3
i
2
]
i

we obtain

- q- ..1=‘¢"Tu'1;“P) :
X 3 P(Te°T) A




As p 1is constant on one line of altitude, we obtain

= o.0.8T -
X g-¢ T, (9.72)

We introduce the potential temperature

X = 3.53-[3-@‘ (9.73)
/ where
] g =12
Ca
\\ is the expansion coefficient of gases, and
1

0 and ©, are the potential temperatures inside and outside
the rising volume.

PSR X
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As Murgai and Emmons [45] have shown, the absolute
temperature in the energy equation can be replaced with the
potential temperature. With this assumption, we obtain the
equation system for a laminar ascending flow.

Continuity:
d¢u , fov |
_ng- * % =0 (9.75)
é Motion:|
% u--‘-‘-u- +* V.éﬁ‘- ™ s.?.p.(e_a ) (9-76)
; x dy ®r

g

o
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Energy:
(. d0. ., do
?’CP (“"ﬂ*\"z—s') = 0 ., (9.77)

Turbulent ascending flow

Now we introduce turbulent fluctuation quantities into
equation system 9.75, 9.76, 9.77. The quantities with dashes
above them are time averages. Primed quantities indicate momentary
variations:

u=-\11-u
V‘-';‘Y“-".
0286+ 0
p=po +p' . .

Density variations are neglecced!

Continuity:

A

(S o ' J - ' ~ O (9‘78
2—;(u+u)+3-§(v+v) ¢ )

As the flow is supposed to be steady, on a time average, then

Ja _ v . du . S

* S e = e 2= e O,
dx dy Jx Sy 05 I |
E - ‘S—:-‘- s O 'g »}“A ’
Jx J“ SR

& . . |
dx dx d v




,
%MWM,- [

Continuity:

ou J3
Jx * _:; = 0

As one can write
csu.‘ Ju'V M Ju Ju
+ 2 {.o— ¢ — e e — Ve —
AP 55 S5 ax gy

the motion equation 9.76 becomes

dut | duy B (8-
Ix Jy 3 p (6-a)
= .é* .Ju
u- VZ; _

Insertion of the turbulent fluctuation quantities gives:

9'[-“-{-‘(G’+2G-u‘+u")+‘—r(ﬁ-\7+2&-v'+u‘ov')] =99 (9+0-0,) . (9-81)

Jy

For the flow which is steady on a time average, we have
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(9.79)

(9.80)
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Now the equation of motion is

49
- da . o da 5 v’ .
9(Wi+wL)’?%ﬁ(@%Fﬂ%?;%;). R

Fluctuation products, u'?  are neglected!

The expression

Juo  dvo do. 80 .. 4
5 e v o)

and the insertion of the turbulent fluctuation quantities into

o]

the energy equation, 9.77, gives

/106

§Cp’ [%x (G0 +@0'+ u-H+u6)+ z‘i(\'/-é-ﬂ'l-e'-o v'-é*-vft'?')] =0. (9.83)

Because of the time averaging,

e . SB . T . 4B

3x - dy o 9
According to Reichardt [50] we may neglect the fluctuation
.product ©'-w' ., Thus, the energy equation becomes

¢-cp- (3-92, v%.:*&%?) = 0. (9.80)

The new equation system for the turbulent ascending flow is:




Centinuity:
Ja v a,.79)
—_— + =— - a (
i Ty
Mot ion:
, S"(f*'éH + \7'45) = ?'S'p'(é'en)'?'ji(“"v‘) (9.82)
, X Y Y
Energy:
- Jo - Jo S o
U =— =) = Y- (p-& .v!
gep (Wg=+ v-7) ?PJS(QV). (9.84)
\\ The turbulen* heat conduction in the direction of flow
S (omu)

dx

is small in comparison to the turbulent heat conduction in the
horizontal direction. The heat fluy density produced by the
turbulence transverse to the flow direction is

3
;
3

q ™ g).cr.e‘,vl ,
If we introduce into the equation system 9.79, 9.82, 9.84:

Tz -peutevt apparent turbulent viscosity

q s o-cp-e'.v' turbulent heat conduction

0= 6-6a temperature difference

then the equation system for the plane turbulent convection flow [/ 107 ,"
in the gravity field of the earth becomes: F
Continuity:

N
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Motion:
o ol u 9-©, dr
S’ u_(.ﬁ + V'—""- - O . Lo :
(@5 Js) - R (3.11)
Energy:
g
S:.(;.&.,.;.s‘_?,,.a.cl@“\—,,ffg.) __ 1 dq o (9.85)
Jx Jy x Sy & 3y
&0
Now, if we set 3?3 = 0, because the ambient temperature is

constant on an altitude line, and if we introduce the gradient

of the potential temperature

é_@_. = d_@.
dx dx

then the energy equation becomes

_ S0 - 40y o _2.49_ ... d5 (3.12)
HCSRET ARREES R

Integration of Equations 3.10, 3.11, 3.12.

We assume a rectangular profile for the distribution of the
velocity and the temperature in the ascending flow:

<h < y < b

Yx,y) 2 Uix) sconst.!

!

for x = constant

aconst.:.

e'(x.y)= e'a(x)

AR w1 4%
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Outside the ascending flow

/108

o (9.86)

d _ (b
& (upb) = 'Vla . (9.87)

For y =b, v, 1is the inflow velocity of the surrounding air.
According to Morton-Taylor-Turner [44]

V, = %-U,

(3.15)
Continuity:
d unb
dx m = U, . (3.16)
Integration of the motion equation:
b b
A -1 - - b é_a. Y
- G-dy ¢+ yelh = . '—-—--d -T o 9.88)
J,Sa?“s ¢-v-a | LS’SQ g-7| ¢

For u= u, = constant and

@ = 6, = constant, within the limits
-b to +b, this relation applies:
b b 1 b b
d z . .-| . . 94 I "
ALY IR AL ML A S o K PRI
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The thrust potential term vanishes, as schmidt _57] ha-

proved, because v = 0 on the jet axis anu u = 0 at th

edge of the jet. Therefore, the mction equation is:

d | 2 0.
Zb.ou = cp =2 ] ,
dy m 3 b Ga (3.17)
Integration of the motion equation:
b b 3 b
d - g -~ d6 1 ,
2 [0.3:68dy +09.8]| = -|eu-Edy - 2. . .90
d,f.“ §y+ve| P T, (900
J 4
/109
As v = v' = 0 on the x axis, and o' = 0 at the edge of
the jet, then
v e'lb o
1y 0
U 'b
9 = §:cpov ,‘- o
4y .0 b = -u -b. 99
dx m Tm ~ 7'; .
Energy equation:
d 6.
£ g-bu, = —u.-b.q.1.d6
dxg - Oa - 30. X * (3.18)
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Special ebbrevia'ions in sections 9.4 and Y.D

A Buovant force
a Coefficient
C Factor
CS Black body radiation coefficient
hO.S Ay Height at which the half-maximum value of the dynamic
pressure occurs
hy 5, leight at wnich the half-maximum value of the velocity
max
occurs
1".0.59 H=ight at which the =alf-maximum value of the excess
max temperature occurs
I Momentum flow
Nu Nusselt number
P Power
Pressure <
Pr Praadtl number §
AQ Pitot probe measuring error §
R Gas constant
R* Separation radius
r* Thermocouple recovery factor
RO.5qmax Radius at which half the axial value of the dynamic
pressure cccurs
Ro'sumax Radius at which half the axial value of the velocity
occurs
RO'SQmax Radius at which half the axial value of the total

excess temperature occcurs

R Probe radius

T Time for one period

T Degree of turbulence

w Inflow velocity in the secondary field
a Heac transfer coefficient, exponent

B Coefficient of expansion for gases

¢ Compressipi;;;y’facpq:, emission ratio

C Ve W TIENIRY, B e AR L R
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T - - [ J

r. Normalized free jet radius
IS Isentropic exponeni
T Time constant
“ Frequency
Indices /111
a Exterior
, ab Heat dissipation
] grenz Boundary state
i Interior
M Measurement
\ St Static
Stau State at the impact point
Str Jet -
X State before the compression shock
N y State after the compression shock i

9.4 Rotationally symmetzic fice jet

Coordinates and velocity components in Section 9.4

u Velocity component in the positive x direction

u' Turbulent fluctuation velocity in the x direction

v! Turbulent fluctuation velocity in the y direction

w' Turbulent fluctuation velocity in the 2z direction

X Horizontal coordinate, from the nozzle outlet plane
outward in the direction of the jet

y Horizontal coordinate, from the nozzle outlet plane
outward across the direction of the jet

z . Vertical coordinate, from the nozzle outlet plant

outward perpendicular to the direction of the jet



9.4.1 Turbulence of the free jet

The thrust jet of & jet engine behind _he nozzle opening is
a turbulent hot gas free jet with a criticel nozzle pressure
ratio. Data on its expansiorn behavior are onlv rarely to be {ound
in the literature. With turbulent flows, an irregular fluctuation
motion is superimposed on the average motion. It also affects
the average motion and thc iLransport processes of mecmentum and
heat. Turbulent motions can be treated theoretically only if
a physical relation is found between the fluctuation quantities
and average motion. According to Ebrahimi [14] a purely theoretical
calculation of the turbulent movement is not possible because all
\\ known turbulence theories seek to establish a relation between
the apparent viscosity forces, given by the time average of the
squared fluctuation quantities, and the time average of the
velocity.

-
g e e o

With his mixing path theory, Prandtl [46] for the first

time made possible the analytical treatment of turbulent
exchange prvocesses. He proceeded from the fact that in turbulest
flow, individual turbulence balls, retaining their initial
velocity, move for a certain distance transverse tc the main
flow direction, the "mixing path", and then mix with the
surroundings. As the turbulence balls lead their own existence \
for a certain period, the turbulence balls would have to exchange / 113 ;
each property connected with the flow, such as temperature and 2
concentration, in the same way. But in a turbulent flow the
distribution curves of temperature and velocity do not coincide.
As Hinze-Hegge-zijnen [28] have measured, heat expands more
rapidly than momentum.\ Taylor [73] provided an explanation of

' this with his vortex trausport theory. This states that it is

B not the velocity but the vorticity which is the characteristic

property of the turbulence balls., According to Taylor, the

exchange magnitude for heat transport is twice as great

PR < s el
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as ror the momentum. Rcichardt 311 dereleLad a similarity thoon

(9}

or the basis of measurements of the momentum and temperitcurc
rrofile, and treated the transport process of turbuleut flows
independent from special turbulence hypothese:. Reichard arrivec
at the result that the momentum of the turbulent free jet is
~onstant cver the distance which it r'ws, because the total
longitudinal flow of momentum which moves uff transversely is

propertional to the longitudinal decrease in momentum.

These older basic works on the expansion of free jets were
without exception concerned with the fully expanded region and
with jets of low nozzle outlet velocity and excess temperature.
But with single cycle turbine engines the exhaust gas jet leaves
the nozzle at sonic velocity and high excess temperature, so that
we can expect jet expansion differing from that of the incompres-
sible cold gas jet. Laurence [35] has demonstrated that the
degree of turbulence decreases with rising Mach number. He
measured turbulence spectra with a hot wire in turbulent free
jets up to nozzle velocities of Mach 0.7. Corrsin and Uberoi [10]
investigated heated free jets and established a higher degree of
turbulence with higher temperature. The nozzle Mach number and
nozzle temperature are, therefore, decisive paramater: for the jet
expansion.

As we could find {u the literatrre no systematic do.umentation
about heated free jets with sonic velocity at the norzle outlet,
from which we could determine the sink strength of such jets,
extensive basic studies on circular hot gas jets were undertaken at
the DFVLR. Circular ring nozzles with a hub body - corresponding
to the real engine jets = have not been studied here. The
angular momentum of engine jets has also not been considered.
According to Higgins-Wainwright {26], however, the angular
momentum scarcaly affects the breakup of the Mach 1 jet on the
jet axis. All frec jet investigations have been performed with
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critical neczzle pressure ratic. The tctal temperatures in the

nozzle orifice varied between 40°C and 550°C above the ambient / 114

temn~rature. The jet expansion was studied along a length of

30 nu2zle diameters.

Knowledge of the turbulent fluctuation velocities is imnort ~nf
for an exact evaluotion of €. :e jet measurements in order to be
able to consider measuring errors of the probes caused % turbulence.
Nc turbulent fluctuacior velocities were mcnas.ared in the heated
high velocity free jet as part of these free iet studies, because
cf the great measucing difficulties. Thus, this wirk is based
on the turbulence spectra measured by Corrsin-Uberoi [10],

Laurence [35] avrd others [7, 14, 16, 17, 40].

According to the studies cited, the turbulent fluctuation
velocities increase transverse to the jet axis in the direction
of the edge of the jet, reaching a maximum in the mixing zona
(Figure 56). The turbulence along the jet axis increases
strongly bel ind the nozzle in the jet direction, attains a
maximum at x/O = 7 to 10, and then decreases gradually.
According to measurements by Laurence [35], an increase in the
nozzle Mach number causes 2 decrease in the turbulence (Figure 57),
while an increase in the jet temperature increases the turbulence
and shifts the turbulence maximum on the jet axis in the direction
of the nozzle (Figure 58). (According to measurements of Corrsin
and Uberoi [10]). According to Bradshaw, Ferries and Johnson
[7] the turbulent transverse fluctuations v' and w' are
equal to the longitudinal fluctuations. u' up to some 3 nozzle
diameters behind the nozzle. From there on they become smaller
and become about 80% of the longitudinal fluctuations,
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9.4.2 Experimental design and measuring cclhniguc
In the free jet studies, the hot gas line behind the combustion
chamber consisted of a cylindrical tube (80 mm inside diameter and
10 mm wall thickness) 2 m long, made of stainless steel with
extremely smmooth surface, at the end of which the exchangeable
experimental nozzle was mounted so that the free jet blasted
horizontally 1,200 mm above the floor. The transition from the
hot gas line to the nozzle was flush so that the internal flow
was not disturbed. 200 mm ahead of the test ncvzzle, 4 static
pressure holes, 2 mm in diameter, were distributed around the
periphery of the cylindrical line and connected together by a
\\ ring line. 25 mm in the flow uirection behind the plane with
the pressure measuring points, two NiCr-Ni thermocouples, 1.6 mm
in outside diameter, projected some 30 mm into the tube flow / 115

for temperature measurcment.

The free jets from 5 differently shaped convergent nozzle
forms (Figure 51, 52) were studied. Three nozzles had a bell-
shaped constriction region connected to a cylindrical outlet
with a length of 2, 1, or 0O diameters. A conical nczzle
was also used. It corresponds somewhat to the engine nozzles
used now, asid~ from the hub body. There was also a diaphragm
with a very short cylindrical outlet among the nozzles studied.
The final diameter was 50 mm for all the nozzles. The internal
contour lines ended sharply at the rnozzle orifice.

The free jet measurements were done with a probe rack which
could be moved on the jet axis with a remotely operated moving
system (Figure 53). Initially, the impact pressure measurements
in the hot gas jet were undertaken with a single movable pitot
probe. Because the probe operation was too fast, the measured
pressure profiles were always too wide. Because of the high
viscosity of hot gases, the build-up time for the pressure in
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the measuring line extended [row Lhe exacl value up Lu 1 winute.
Thus, it appeared desirable to prefer probe racks of movable
individual probes for hot gas studies. On the probe rack used,
31 pitot probes and 20 NiCr-Ni thermocouples were distributed along
a width of 200 mm (Figure 54). The probe capillaries, of 1.2 mm
outside diameter and 0.8 . inside diameter projected 20 mm free
of the 5 mm thick probe holder. The temperature measuring points
of the probe rack consisted of 1.6 mm thick NiCr-Ni thermocouples
with high-temperature-resistant Inconel jackets with tips welded
shut and free globules inside. The total pressures measured at
the probe rack were led through 4 m long tubing of 1.6 mm insice
diameter through a pressure measuring point selector switch
(scanning valve) to a DMS differential pressure transducer with a
range of + 12.5 PSI.

Static pressure measurements were done on the axis of the
cold free jet. A cylindrical tube 2 m long and 4 mn thick was
used as the static pressure probe (Figure 61). At about the
center, 4 static pressure holes were distributed around the 3
periphery of the tube. The tube was movable and mounted in a star- ;
shaped holder inside the hot gas pipeline and fastened to one arm
of the probe moving device outside the nozzle. In this way the
static pressure measuring point could be moved about 500 mm in
che region of the nozzle. This design was preferred to the hook
probe because it works almost without oscillation and does not /116 ’
disturb the flow by the compression shock caused by the probe
head, because/the probe tip was in the low velocity regicn inside
the pipeline far ahead of the nozzle.

gl

7.4.3 Calculation of the velocity and temperature from
the measurements

The calculation of the local velocities in the region near the
speed of sound is quite tedious, and possible only through
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repeated iteration. It was done with electronic computcrs. The

Raleigh pitot probe formula (Equation 9.96) was used to test whether

supersonic or subsonic velocity was present. From the pitot
pressure, the static ewbient pressure, and the local isentropic
exponent « a Mach number. If this is smaller than 1, the
velocity is calculated according to the laws cof compressible
subsonic dynamics (Equations 9.91 to 9.95). If the Mach number
is greater than 1, then the value of the undisturbed flow before
the shock must be determined from the measurements behind the
compression shock (Equations 9.96 to 9.99).

In subsonic flow the measured dynamic pressure is

sl (9.91)
with the compressibility factor
(B -1
e = k21, _Pst
K 2l (9.92)
Po <
(=) *eq

Pge

The dynamic pressure must already be diminished by 8q -~ the
measuring error due to turbulence, explained in the next section.
The density » is

R T . (9.93)
The measured temperature is made up of

u2

T, 3T _+
M st 2
P

op¥ (9.94)

in which r* 1is the recovery factor of the thermocouple (see
Section 9.4.5). After some transformations, we obtain for the
velocity:

P T LT T S
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n 2'(;"."';”-(;
(*Rer®)+(p _rerc ) (9.99)
st p
As supersonic velocity, according to Shapiro {67], the Mach

number is calculated from

K

b, (B ux?) <TE
—_z —= 9.96
Po 2k 2 k-1 1/(k-1) ( )

(Kfﬂ *MxT- "---;I-)

4 K+l

where Py is the measured pitot pressure and p_ is the static
ambient pressure ahead of the compression shock.

Compression shock Pitot probe

/
|

Sy (Y, M
My sty Ry
Ist,
Fe
Supersonic flow Subsonic flow
M1 i My <1 »

The measured tempersture after the compression shock is

2
u
= L . ¥
Ty Tva*Q.cp rt . (9.97)
Here TSt is the static temperature of the subsonic region
y

beirind the compression shock. Between the static temperatures

Tgy before and Tg, after the compression shock we have
x y

the relation
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T (1e &=L 3 2y, (20 ) 2 -
NECU 2 % ) (K‘l M -1
‘st 2 . :
X (x+1) o 2 (9.95)
2:(x-1) "x

Then the supersonic velocity of the undisturbed flow ahead of th-

compression shock is

u = Mo '.°R':r: . (2.99)
b3
The velocities and temperatures are calculated with the exact
c.. and « values determined for the static temperatures
encountered. The gas constant R 1is always calculated as a
function of the air-fuel mixture.

9.4.4 Pitot probe measurement errors due to turbulence

If we use a pitot probe in turbulent flow, an excessively
high dynamic pressure is measured. With incompressible flow, the
impact pressure measured with the pitct probe is

2

q: *u

[S134

where u 1is the current velocity, made up of the mean of the
velocity, u, and the instantaneous deviation from the mean, u'.
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u=u+ u'

u2= (IJ-+u’)2 =E2+2'Ju' +u'”

If we integrate the velocity over the time, then the expression

2uu' becomes zero and we obtain

" 1/ 1 2
dt = =~ — ]
{U ;s t T {u Yde .

If we assume a sinusoidal curve for the fluctuation velocity u',
then

1,2
1‘2\1 .

The measured impact pressure is then
q = 2@ 2 ud). (9.100)
Pitot probes measure a dynamic pressure greater by the value
8q = %-u'2 (9.101)

than the dynamicipressure from the mean velocity. But because
the flow has velocity fluctuations about all 3 axes, then

Aq = %-(u'2 »v2 4 n?y (9.102)

It should be noted that in the literature it is usually the
effective value u' which is given for the turbulent fluctuation
velocities. This can be measured with hot wire probes. That is,
they are time averages of the turbulent fluctuation velocities.
With the effective values, the dynamicjpressure measured with
pitot probes becomes
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(9,103

In the present free jet study, we have used as -~ basis for the
cold gas jet the turbulent fluctuation verocities reported by
Laurence [35] for M, = 0.7. According to this, the degree
of turbulence for each measuring point is

- Visagu?

. =

+
u —
u

.2 2.
) (9.104)

v + w'

and the measuring error of the pitot probe which results from
that is calculated.

In the hot gas jet, for which there are no turbulence 120
investigations, we have accepted, in the lack of better -
information, the curve for the turbulent longitudinal fluctuation ;
velocity u' found by Corrsin and Uberoi [10]. There are, ;
however, strong reservations against applying turbulence
regularities found at nozzle Mach numbers of M, = 0.07 and 3
excess temperatures of o, = 170°C to nozzle conditions of
M, = 1 and e = 550°C.

For a free jet with critical mnozzle pressure ratio and a
nozzle impact pressure of 735 mm Hg, tche pitot probe measuring
error for a cold juc increases along the jet axis from the value
0 directly behind the nozzle to 16 mm Hg at the axial distance

' x/D = 9, For a jet heated to 550°C it increases to as much as
s 22 mm Hg (Figure 59). Transverse to the jet axis, the maximum
pitot probe measuring error is in the plane x/d = 6 behind
the nozzle, in the mixing zone at y/D = 0.5. For a cold jet
it amounts to 24 wm Hg, and for a jet heated to 550°C, 41 mm Hg A
(Figure 60). With these values, we are not dealing with negligible |
magnitudes. Therefore, all the axperimental results introduced in
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this work are corrccted by the pitot probe measuring crror oo

by turbulernce.

9.4.5 Systematic error in temperature measurcment with

thermocouples

The thermccouples .used were ¢ vsed versions of miniature
jacketed theimocouples. The two chromel-alumel thermocouple
conductors were spot-welded at the measuring point and imbedded
in a magnesium oxide (Mg0) insulation matcrial, insulated from
the jacket. The outer Inconel jacket (NiCrFe alloy) was welded
prossure-tight and humidity-tight without changing the outside
diameter.

Flow direction

St ' |otmm) | 05 |16
_Z (G2 T [stmm fosefazs

bimm) | Q08028

(-]
L e

Thermocouples uf two different diameters were used. Those 1.6 mm / 121
were used in the jet investigations, and those 0.5 mr thick were

used to measure the temperatures in the surrounding field and in

the engine intake.

A temperature measuredent by these thermocouples is influenced
by: .
Recovery factor Y
Heat conduction away from the thormocouple i
Radiation of heat =
128
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Catalytic cffeces

Time constant

In the following we shall estimate how great these effccts were i

the studies.

Recovery factor

Depending on the design of the measuring probe and the
state of the fluw, the thermocouple may not convert the kinetic
energy of che gas completely into thermal energy. The recovery
factor indicates the ratio of the actual to the ideal dynamic
temperature

T -1 - (9.105)

The thermocouple does not measure the total temperature Tgeq
cf the gas, obtained from the sum of the static and the dynamic
temperature, but the somewhat smaller value

Ty = Tge * 2_ ¥, (9.106)

According to Alvermann and Stottman [1], fo: the thermocouple
type used here, with longitudinal incident flow in the Mach
number range from 0.1 to 1, the recovery factor is

r* = 0,86 2 0,09 .
The numerical value ¢.84 is used for the evaluaticn of all

experimental data. CGCalibration measurements showed that this
value is accurate to + 2.
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Heat conduction / 12

The temperature decrease at the thermoelement measuring
point due to conduction of heat through the steel jacket and che

thermocouple wires into the probe mount is

Op = (Ty - T , (9.107)
cosh( m:g 1)

A

Here the abbreviations are:
TM temperature measured by -he thermocouple
\\ T temperature of the thermccouple jacket and wires
at the level of tha probe mount

O mean heat conductivity coefficient of the thermocouple
. A thermal conductivity of the jacket material
- U outside circumference of the thermocouple

F cross-sectional area of the jacket
I 1 length of the thermocouple from the measuring

point to the probe mount

The mean thermal conductivity coefticient, o, for

the cylindrical body of the thermocouple, with a hemispherical

1+0,871,5-Pr /6.Re"1/20, (pp-1) |

e
s end, with longitudinal incident flow, well between the a-value
%% for a flat plate with longitudinal incident flow and turbulent

y boundary layer, for which the Nusselt number cen be calculated

i from:

P

'Sg: Nu = 0,0297-30-1/5

ﬁf Re:Pr (9.108)

and the thermal conductivity coefficient of a circular tube
with transverse incident flow and with a Nusselt number in thas

[
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Re range of 1 to 4,000 of

Nu = 0,43 T 0,48 - Re®*” (9.109)
and for Re numbers of 4,000 to 40,000:
NU = Oit3 + ColTu - Rw0e018 (9.110)
Alvermaan and Stottmann [1] state a Nusselt number for a
circular cyiinder with longitudinal incident flow:
Nu = (0,085 % 0.009)-Re°‘67q . (9.111)

This is a body shape corresponding to the front spherical
cap of the thermocouple used. Between the Nusselt number and the
heat transfer coefficient there is the relation:

Nud
QS — (9.112)

Now if we insert the material values prevailing in radiation
investigations, we obtain for the hyperbolic cosine of Equation
9,107 a value greater than 105. Then we can establish, without
knowing the temperature T', which is difficult t> determine more
accurately, that the thermal conduction is negligible and that
the error which it causes in the measurement is less than 1°C

in any cace,

Heat rad. tcion

The thermocouple is in radiation balance with its
survroundings. The hot gas jet itself affects the temperature of
the thermocouple through the radiation of its CO, and H,0
components. The water vapor radiation is so slight,.however,
that it can be neglected. Using the Stefan-Boltzmann radiation
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law, we obtain the temperature loss of the thermocouple due to

heat radiation as

C]

i

Y a Str .

: v —) (9.113)
rad a loc® 100 €Oy b4

i
~
}

]

™

where it is assumed that the thermocouple has a considerably
smaller area than the surroundings radiating back. The symbols
in Equation 9.113 are:
Cg Black body radiation coefficient
- Heat transfer coefficient at tine thermocouple head
Emission ratio of steel, in its state during the
measurement

Emission ratio of the CO, component in the free jet.

From the fuel consumption of the combustion chamber at
500°C jet temperature (0.0074 kg/s) we calculate the CO, mass
0.023 kg/s. The free jet

flow after combustion as m
CO2

consists principally of N,, 0, and CO,. The molar proportion of
CO, can be determined from the molar amount and the mclecular
weight, giving finally the partial pressure pCQ2= 1,7+10"2 pap

According to Eckert [15], carbon dioxide at this pressure, /124 g
500°C temperature, and 30 mm jet radius has an emission ratio 3
of

CCOQ = 0,02 ,

This is so small that the last term of Equation 9.113 can be
neglected.

The radiat.on losses for different material values can
be taken from the table, with constant values for ¢ = 0.6
and T, = 15°C. '
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0 g,, u re Nu a ORad
! " Accor. to o
am | °C| m/a] - Gl. 2“ °c ‘
o 9.108 u.9.11l0 m deg.
0,5 35 20 162 6,5 Lo Ot i,
L6 | 35 | 20 | 520 11,4 186 0,8 2,3
- 3
1,0 {212 {200 Gelo 53 1340 1.4 0,7
1,6 [512 [seo l.q-ln'3 53 1900 7,3 1,4

The temperature loss due to radiation is decidedly dependent
on the heat transfer number a at the head of the thermoelement,
but this is very difficult to determine exactly. The local flow
conditions are determining for the a-value, so that turbulence
increases the heat transfer considerably. As the free jet flow
is highly turbulent, the heat transfer to a thermoelement

: within the free jet will be higher than the heat transfer averaged
' over a certain length of a plate or a cylinder in longitudinally
incident flow with laminar blowing, for which Equations 9.108

and 9.111 apply. For the calculation, then, Equations 9.109

and 9.110 were chosen, because the flow around a circular tube
with transverse incidence describes the flow about the thermo-
couple head well. The high heat transfer in the dead water behind
the circular tube, which is also in Equations 9.109 and 9.110,

and which cannot occur with the thermocouple because of the
presence of the stem, can in this case be evaluated as the
additional heat transfer which occurs through the great turbulence
of the free jet flow blowing on the thermocouple. ’
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The lowering of the thermocouple probe temperaturce by rad-
iation varies between 1 and 2% of the measurement. This

radiation error is not considerad, however, in the evaluation of
the eapeviment.

Catalytic effect / 12

(W)

As hydrocarbons were used as the fuel for the combustion
chamber, there are gas mixtures in the free jet which can
carry on exothermic chemical reactions on the surface of the
thermocouple if they are released by noble metal catzlysts.
No such catalytic effects occur, though, with the NiCr-Ni
thermocouples with Inconel jackets used here [1].

Time constant

One measure for the response sensitivity of a thermocouple
is the thermal time constant Tt which inditates the time, after
a sudden drop in the temperature, when the thermal potential
has dropped to the value /e = 36.8% of the initial value.

:
;r
B
3
5
K4
i
i
- t
7

Temperature drop:

0, = . e t/T
M° Saq” ® . (9.114)

For a sudden temperature rise, the time constant indicates
the time after which the thermal pctential reaches the value
(1 - Ye) = 36% of the final value.

Temperature rise:

Oy = Bppq (10" .| (9.115)

134




I 2

Neglecting conduction and radiation losses, the fime constant i~

defined as
T . (9.116)

Here ¢ is the density of the tnermocouple tip, cp the

specific heat, V the volume, F the surface area, and a the
heat transfer coefficient according to Equations 9.109 and 9.110
at the thermocouple tip. The volume of the thermocouple head
which comes into question for calculation of the time constant

is approximated by a sphere with the diameter of the outer jacket
of the thermocouple. For the density and specific heat we must
insert averages for the sphere, which consists of the welded
bead, the MgO filling, and the Inconel jacket, into Equation

9.116.

With the time constant 1 we can define an upper frequency
limit

1
limit <

(9.117)

for the temperature fluctuation, at which the recorded amplitudes
of the measurement will amount to only 142 of the true gas
temperature. For turbulent fluctuations above the limiting
frequency the measured amplitudes decrease even further.

The time constants and upper limiting frequencies of the
thermocouples used can be read from the table for different flow
conditions.
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The time constant

and velocity.

That is,

fluctuations most pooriy at the edge of the jet.

pitot probe,

D T 0¢S mm D =1,6 mm
i
Qi Ea v @i @a v p c-
3 |, 3.
ma mm m mm mm mm” |kg/m | Ws/xgdeg
Weld bead ° 0,16 |0,00215| o 045 ] 0,065|7900 | 47¢
F11ling MgO | 0416 | 0,38 | 0,026 0,51 1,11 0,632{3400 | S70 |
inconel 0,38 | 0,50 | 0,036 | 1,1|1,6| 145 |Booo | 476 }
|
D =045 D=1,6 mm
o
T C 20 20 227 527
u m/s 5 5 200 500
o Wmided 3uo  [186  |134e | 1900
T s 0,81 5,3 0,73 051
a’lim /s 1,2 0,19 1.4 2

v increases with decreasing temperature
the thermocouple follows the temperature

Just as the

tk: type of thermocouple used here is unsuitable

for measuring the turbulent flow processes at the edge of the

jet.

Nevertheless these relatively thick thermoelements with

protected heads were selected because thinner thermocouples with
free welds cannot withstand the mechanical stress of the hot
Mach 1 jet and the ercsive action of its dirt particles.
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9.4.6 Static pressure

~
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|
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A statement of the static pressure is a prerequisilc for the
exact calculation of free jet velocities. In his basic work on
free jet boundaries, Tollmien [74] calculated a static over-
pressure from the equations of motion for the turbulent free jet.
But outside the potential core, experimental free jet studies
always yielded underpressures. Still, these early results were
little trusted. Even Schlichting [55] in 1930 referred to
Tollmien's calculation and considered the underpressures which
he had measured in the free jet as measuring errors. Meantime,
however, it was confirmed by a series of works, e. g.,
Miller-Comings [40], Fiedler [17], Eickhoff [16], that the
free jet has a static underpressure outside its core. According
to Miller and Comings it is equal to the radial component of the
apparent turbulent normal force:

v T W TVEXN

-8p = p.vr? (9.118)

For great density difference we have, according to Eickhoff

“p=p V24 2, (9.119)

The course of the static underpressure in the free jet looks
similar to the distributions of the turbulent fluctuation
velocities shown in Figure 56 and Figure 58. According to
measurements of Eickhoff, a certain static overpressure
prevails in the core. As early as x/D = 3,5 it has ehanged
to an underpressure. At 9 to 10 diameters behind the nozzle,
the static pressure reaches its minimum and then increases
slowly again. For the transverse distributions of the static
pressure in the core region, the|pressures fall from positive
values on the axis to great underpressures in the center of
the mixing zone and then increase again toward the jet edge
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to the ambient pressure. In the region of the fully developed
free jet the underpressure maximum of the transverse distribution

curve moves to the jet axis.

On the basis of the relation of Equation 9.118, the
static pressure can be determined by the hot wire method. This
avoids the difficulties occurring in the measurement of static
pressures by cylindrical probes in turbulent flows. For static
pressure measurements in turbulent flows with cylindrical probes,
Goldstein [22] established a correction formula. According to
Goldstein, the turbulent fluctuation velocities cause a positive / 128
dynamic pressure on the lateral pressure holes of a cylinder as
\\ long as the frequency of the turbulent velocity fluctuations
transverse to the cylinder axis is higher than a ratio formed

from the fluctuation velocities and the probe radius R,

w> Yvi+w? (9.120)

Rs

At this turbulence frequency, the probe does not receive any

- transverse incident flow so that it can form no dead water and
underpressure.

e . L
RO o kit ST Tl P e e

; For the measured static pressure of a cylindrical probe,
Goldstein [22] states the relation

z PSt+c-p°(u' +v'2ﬂ'i'2) with 0 € ¢ € 1. (9.121)

d 3

Sty
For the unheated jet, the static pressure curve is measured on

the jet axis within the jet and in the free jet out to some

2 diameters behind the nozzle opening. No data on static

pressure measurements could be found in the literature. Therefore
that of Roscher [53] was expanded and the measuring method with
very long cylindrical probe, described in Section 9.4.2, was .
applied. As the measurement is very strongly affected by the .
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turbulent fluctuation velocities and these arc not known for the
high-velocity jet, static pressure measurements succeed orly where
the turbulence is negligibly small, on the longitudinal axis of
the jet in the first section of the potential core. The coursc
of the static pressure measured on the jet axis is plotted in
Figure 61 for the five nozzles studied. For all experiments,

a nozzle pressure ratio of 1.95 and an excess temperature of
6, = 40°C were maintained. The high static overpressure in
the nozzle orifice of the conical nozzle 4 1is striking. It
amounts to 30% of the dynamic pressure of the core flow. The
assumption often made, that the static pressure for convergent

nozzles with critical pressure ratio /P. has decreased to

P
ges
\\ the ambient pressure by the nozzle orifice, must then lead to

errors in mass determinations.

At critical nozzle pressure ratio, the velocity in the jet
core is above the velocity of sound. Fluctuations of the static
pressure, in the rcgion of the first 5 diameters behind the
nozzle, have been identified as compression shocks of a super-
sonic flow by means of Schlieren optics photographs (Figures 129
62, 63). All the nozzles investigated showed a supersonic flow
of Mach 1.02 to 1.04 in the core. Even with exactly critical
pressure ratio, a post-expansion to supersonic flow set in
behind the nozzle. This can be explained by the sink effect
of the jet: In the immediate neighborhood of the nozzle opening,
the static pressure of the surroundings is decreased by the
contribution of the dynamic pressure to external inflow.

This increases the actual nozzle pressure ratio to a super-
critical value, and the post-expansion behind the nozzle
accelerates the flow to supersonic vélocity.

e e, e et w0



For calculation of the free jet velocities from the measurcd
quantities, the static pressure outside the poteutial corc wi-
set equal to the ambient pressure. Because of the lack of dat..
on the turbulence spectrum of the free jet, no statements can
be made on the accuracy of static pressure measurements. Only
in the forward-most region of the jet core, between the nozzlc
out let. plane and one nozzle diameter behind the nozzle, were
measured static overpressures considered in the velocity
calculation.

9.4,7 Axial value

The dynamic pressures and temperatures measured on the free
jet axis are plotted in Figures 64 and 65. Here, and in the
following, these are always measurements corrected by the Pitot
probe measuring error caused by turbulence. The course of the
axial velocities calculated from the corrected measurements by
Equation 9.95 is plotted in Figures 66 and 67. The varied
nozzle temperature is the parameter. The effect of the nozzle
Mach number is presented by use of Laurence's results [35], which
are also plotted for comparison. -

Because of the‘'rise  of the degree of turbulence with increasing
jet temperature (Figure 58) the hot gas jet mixes more intensely
with the surroundings and it breaks up more qulckly. Increasing
nozzle Mach number has the opposite effect. The degree of tur-
bulence decreases with increasing Mach number (Figure 57). The
high-velocity free jet breaks up considerably more slowly than
the jet with lower nozzle outlet velocity.
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The half-value radius is a suitable measure of the jel width.
This is the distance from the center ot the jet to the point at
which the dynamic pressure, the temperature, or the velocitv has
half its axial value. For a Mach 1 free jet, the half value
redius of the dynamic pressure and the velocity are nearly independ-
ent of the temperature (Figures 68, 72, 73) while the nozzle
Mach number has a stronger effect on the jet width. While the
Expansion angie for the velocity and the impact pressure in a
Mach 1 jet is hardly dependent on the temperature and remains
constant for various nozzle temperatures, jets with lower
\\ nozzle Mach numbers are wider. 1In contrast, the temperature
expansior of the free jet is dependent on the nczzle Mach number
and the nozzle temperature. Low nozzle outlet velocities and
high nozzle temperatures produce wider profiles for the temper-
ature distribution (Figures 70, 71).

&
4

The results show distinctly that high velocity hot gas gets
do not have a greater jet expansion angle than cold gas jets.
A trend which is establishcd with free jets having low nozzle
Mach number must therefore not also be present with jets of high
nozzle Mach number. The decreasing degree of turbulence with
increasing Mach number prevents the similarity of the jet
expansion laws.

High degrees of turbulence always.produce a faster breakup
of the jet. But because no turbulence investigations on hot gas
jets with high nozzle outlet velocity are yet known, it is im-
possible to determine the probe measuring errcr caused by
turbulence, to measure exact impact pressure profiles with
pitot probes, and to establish from them laws for the expansion
of hot gas jets. The turbulence corrections were measured for
these measurements by means of the turbulence spectra measured
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by Corrsin and Uberni L1017, Figore 69 shows that con-idoraiion
of the measurement error due to turbulence leads to smaller jets.
Therefore authors who report measurcments from frec jet- wilh

low nozzle outlet velocity, with their s.ill higher degrces of
turbulence, establish erroneously large half-value radii if theyv
do not correct the measured dynamic pressurecs by the turbulence
error. (In this respect, see the curves of Reichart, and of

Corrsin and Uberoi in Figure 69).
9.4.9 Similarity of the free jet profile / 131

Figures 74, 75, and 76 show a plot of dimensionless
velocities and temperatures versus the distance from the axis,
standardized with the current half-value radius of the velocity
or temperature. With increasing distance, x/D, from the nozzle
opening, the profiles become flatter. Beyond x/D = 7 they
take on the same distribution. They are now similar to each
other, and one can speak of the fully developed free jet.

The same is true also for the temperature profile. A com- é
parison of the velocity profiles of the cold and heated jets
in the region of the developed jet produces only very slight

r
s
«

differences in the profile curves in the marginal zone of the

v jet, which is difficult to cover in measuring technology.
The temperature increase with respect to the isothermal free
jet causes no basic change of the expansion laws, because the
Gaussian normal distribution
8 5. -0.59n2
| Ve = (9.122)
? given by Reichardt [51] for the velocity curve was confirmed
% by measurement. Here:
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In this diagram, normalized with the half-value radius of the
velocity, the temperature distributions are flatter than the
velocity profiles. Also, the temperature profiles are now no
longer similar. The divergence of the temperature curves from

the Corrsin-Uberoi distribution cannot be explained by the

higher heating of the DFVLR jet, but rather from the Mach

number effect. Increasing nozzle outlet Mach numbers cause smaller
jets with smaller half-value radii(Figure 72). In this tvpe cf
plot, this leads to a broadeaing of the temperature profile.

9.4.10 Jet edge

A distinct statement of the loc~tion of the jet edge is
decisive for calculating the vol.me, mass, and momentum of the
free jet. It can be established by measurement only with
difficulty, because this is where the turbulence reaches
its maximum, due to the low absolute velocit’ >s there, making
a directional measurement unreasonable. The jet edge cannot
be measured even with hot wire probes, because there we are in
the range of the inflow, so that the velocity does not vanish. 132
Pitot probes with a longer tubing line and, acccrdingly, more
sluggish pressure indication are best suited to measurement of
average values in the turbulent jet edge region. The measure-
ment error caused by turbulence is quite small here because of
the low absolute values. In the measurement with the Pitot probe
rake, the jet edge is assumc: to be where the measured pressurc
distribution reaches the value of 0. The definition of the jet
edge tor the hot gas jet is more complicated because of the
different width of its pressure and temperature profiles.

Here again, for the volume, mass and momentum calculation, the
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edge was established where the measured pitot nressurce becora -

zero.

The flcw-technical phenomena at the jet edge can only
difficultly be comprehended for separate velocity and temperature
limits. In addition, understanding of the phyzical process

! of the input flow becomes difficult. Perhaps, if this highly
turhulent regicn is once studied with suitable measuring methods,
it can be shown that the jet edge is not a steadv, but a time-
variable quantity, and that the velocity and tenperature limits
of the jet are identical at every instant. But because of the
time constant of th: temperature transducers, we al.ays measure

\\ temperatures more sluggishly and establish wider temperature

profiles, while the pressure measurement yields quite gzood

averages.

This difficulty in defining the jet edge becomes quite

apparent in considering the jet energv. In the equation for 3
the jet power _%
3

" .y’ _ o

Pz=m: ¢, t et m (9.123)

The first term represents the thermal energy. It is the
predominant portion, so that vhe heated mass flow must be known
= as accurately as possible. If oae establishes the jet edge
where the velocity vanishes, then one cuts off the edges of
the temperature profile, even at places where significantly
I high temperatures are still measured. Now if we define the jet
3@ boundary where the temperature has decreased to the ambient
' value, then one has proolems in determining the mass flow
between this point and the velocity profile zero point.

Calculations cf the jJet pover always gave a physically
unreasonable rise in the value of the thermal portion of
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Equation 9.123 with the jet path length. This indicates that the

. . e
with tiae existing tampt

. [

This

Lhermocouples,
measured values which were too high for the desired averacce=.
error has a particularly strong effect at the edges =f the temper-
ature profile, and incorrectly moves this outward. For the
volume, wass and momentum calculetions in particular, the exact
knowledge of the physical quantities in the outer jet edge zone
plays an important role, because quantities occurring there must

be considered more strongly, because of the relatively greater

cross-sectional area, than those frow the area of the center c_

the jet.

Therefore, we must state here that the volume, mass, and
momentum curves calculated here for the hot gas jet still contain
a certain possible error in case the temperature profile
measured within the impact pressure jct limits proves to be

erroneous.

9.4.11 Volume, mass and momentum flow

To calculate the volume flow

r R
‘;:jfum Ty (9.124)

[} I’zq
the mass flow
v g

m:J[p-u(r)'r°dr-d'p' (9.125)
0 red ' ! .

and the momentum flow
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wr R
i=jfo-u2(r)'r'dr'd\°- (9. 176)
0 -0

In a certain cross-sectional plane of the fre: jet, the
density and velocity were determined for each measuring point on
the probe rack. From those, a partial volume, a parcial mass,
cr a partial momertum were determined. Their sums, out to the
jet edge, where the wvelocity disappeared, vyielded the total

volume, total mass flow, or total momentum in a cross-sectional

plane.

iigure 78 shows the volume flow across the jet axis,
calcilated from the measurements. Behind the core region, the
volum= increase proceeds linearly. Here again it becomes clear,
by comparison with the curve reported by Liem [38] for the low
velocity jet, that the Mach 1 jet mixes less with the surround-
ings because of its lower degree of turbulence. The very slow
volume increase of the hot free jet can be explained by means
of the decrease in velocity die to the faster drop in temperature
of the hot jet.

Figure 79 shows that the increase in the mass flow of the
hot gas jet in the initial region behind the nozzle, which is of
interest for VTOL technology, differs considerably from that of
the cold gas jet. While the cold jet scarcely increases in mass
in the region from 3 to ¢ nozzle diameters, it is in just this
region that the hot gas jet draws in the greatest mass of
secondary air. At x/D = 6 the mass flow of the cold gas jet
is only 1.3 times the mass at the nozzle, while the hot gas jet
at this point has already enlarged to 1.8 nozzle masses. In this
initial region the hot gas jet sucks in almost three times as
much mass as the cold jet. Up to x/D = 25, the hot gas jet has

146

=
)
IFy

%
Ed
i
‘%




the greater mass. From there cii the nozzle temperature no longer
has any effect on the mass increase of Lhe free jet and the nass

flow curves of the cold and hot jets coincide on the line

X . Xaors

T Oebi2vollfhey 5 ' (9.127)

NER

The momentum flow curves (Figure 80) make it clear that
] for the high velocity cold gas jet,the momentum of the jet also
is maintained after an initial loss in the core region. In
contrast, the hot gas continues to lose momentum even after the
\\ core region.

9.4.12 Inflow velocity

<

LY

The jet inflow velocity, normalized to the nozzle outlet
velocity, is plotted in Figure 9. This is the velecity component
of the surrounding air perpendicular to the jet axis at the
jet edge at u = O (Figure 73). The inflow velocity can be
calculated from the mass growth of the free jet. Due to the
non-steady mass increase of the Mach 1 jet immediately behind the
nozzle, the inflow velocity reaches its maximum one diameter
behind the nozzle for the cold gas jet, and 3.5 diameters behind
the nozzle for the hot gas jet. Because of the slow mass increase
of the cold gas jet in the core region, the inflow velocity in
this section almost completely vanishes after some 2 diameiers.
Behind the core region, we establish an equally decreasing dis-
tribution of the inflowjvelocities for the cold and hot jets. By
comparing these results with those from Liem [38] for the incom- / 135
pressible cold gas jet, it can be shown quite well how much lower
the inflow velocity of the high velocity jet is than that of the
free jet with lower nozzle outlet velocity. Because of its
lower degree of turbulence, the Mach 1 jet affects the state c.
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the surrcundings significantly less than dees the low-velocity Got,
which enters into much greater interaction with the surroundin.

medium.

The magnitudes of the inflow velocities depend on the sizc
of the model. These statements can be demonstrated with a crude
approximation, in which the existing temperature differences need

not be considered. For the inflow velocity we have

S\
AFrad

& is the growth in volume in the et section of length a1 ,
having the exterior surface 8F_. . and an average diameter DSt

r
v u °*F
w~Kf,°- =2 0 ,
rad "'Al.Drad
DStr and Al can be expressed as multiples of the nozzle diameter D:
¥ ou n/u.D2
~ % w.pD

The only dimension, D, cancels out completely.

The function %— = f(x/D) is, therefore, valid for all model sizes.
[+]

As the inflow velocities are used as boundary conditions for
the potential theory calculaticn, it is reasonable to express the
measured curves in Figure 9 as & closed expression. The function
of the normalized inflow velocities for the first jet section
behind the nozzle is described by a compensating polynomial, which
has been determined according to Gauss for the cold gas jet and
has been determined by the Tschebyscheff method for the hot gas jet.
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For nozzle distances above 6 D the inflow velocity can be ox-

pressecd by a linear equation.

Cold gas jet / 156
Range of x/D: O to 6:
= - -8,052-10-3+6,972-10-2~(%)-6.170'10-2-(%)2+?,lou~lo-2(i{)3
o (9.128)
-3,153-10'3-(b"-)“u.?ug-lo'“-(%)s .
\\ Range of x/D: 6 to 30:
W -y -
T 20200 (Beaue1ot (9.129)
2 [+]
Hot gas jet
Range of x/D: O to 6:
Z- = -1,483:10 45,501 10" - (£)=7,969- 10~ *+ (X)2
Yo , D" "* D/ °* (9.130)
Range of x/D: 6 to 30:
w -4 % -y
—z =1y210 +(=)+42:10 = .
u, ° D (9.131)
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9.4.13 Effect of the nozzle shape

No effect of the nozzle shape on the free jer ¢xpansion
could be detected with the five convergent nozzles studied.
Divergences in the measurement of the axial values or the half-valuac
radii can be explained by random variation of the measurements.
No systematic variation of the measurements dependent on the
nozzle shape can be detected. The free jet with a critical
nozzle pressure ratio is distinguished less by its history in
the nozzle than the subsonic jet. The laminar supersonic velocity
of the core and the thin nozzle boundary laver with its low degree
of turbulence due to the high velocity are only insignificant
\\ information carriers. The effect of the nozzle shape or. the

free jet expansion will be stronger for the jet with lcwer

nozzle velocity.

L

9.5 Rotationally Symmetric Wall Jet /143

Coordinates and velocity components in Sectioa 9.5:

oo A L Ao vt

u Radial velocity component

w Wind velocity above the ground boundary layer
(at 3 m height)

w! Wind velocity at the height of the maximum wall jet
velocity

Wy Wind velocity at 1 m height

Wind velocity at the height =2

z Vertical coordinate, perpendicular to the ground

The hot exhaust gas jet from the lift engine strikes the
ground, where it is diverted into the wall jet, which expands
radially to all sides (Figure 81). The wall jet increases in 4
mass through turbulent mixing of surrounding air, and its velocity

%
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REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

Nozzle 1 Nozzle 2 Nozzle 3 Nozzle 4 Nozzle 5

Bell Bell Bell Conical Diaphragm

nozzle mnozzle nozzle nozzle with
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Figure 56. Distribution of the Figure 57. Turbulent
turbulent fluctuation velocity fluctuation velocities of the
in the free jet, according to free jet as functions of the
measurements by Corrsin and nozzle Mach number, according
Uberoi [10] and Laurence [35]. to measurements by Laurence [35].
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aild temperature decrease. The stalic underpressurc, which ~ast
be present, as for the fully developed free jet, allow- the

hor wall jet vo stick to the ground in opposition Lo the

thermal buoyant force at the ground (Coanda effect:. Accordin.
to [60]. only very isolated works on hot gas wall jets have vet
been published, as, for example, thnse of Cox and Abbott 11,
Hall and Rogers [ 241, Higgins, Kelly and Wainwright [27]. These,
however, contain no data about the mass increase of the wall jet,
which is important for the recirculation calculation. Almost all
the basic studies on wall jets are concerned with unheated sub-
critical jets. But the exhaust gas jet from the cingle cycle
lift engine strikes the ground with sounic velocity and high
excess temperaturc, producing a wa'll jet expansion which is
different fror that of the cold low-velocity jet.

9.5.1 Experimental design and measuring technique

The investigations of the hot gas wall jet on the ground
effect test system were done with the je: striking the ground
vertically. Measurement of the dynamic pressure in the nozzl-
plane gave a satisfactory rectangular profile (Figure 85) and
allowed us to expect a rotationally symmetric wall jet. A nozzle

pressure ratio, P of 1.95 was maintained in all tests.

e/P,, ’
This is approximaééiy what appears for a single cycle lift engine

and corcesponds to a nozzle Mach number of 1. The total temperature
at the nozzle urifice was either 60°C, 500°C, or 1,000°C above 3
the ambient temperature. The distance between nozzle and grourd / 144 #
was varied between 2 and 10 nozzle diameters. The measurements "
in the wall jet were done at radial distances of 3 to 20 nozzle

diameters from the wall jet impact pocint.

In the wall jet mecasurements, the hot gas pipeline behind the
combustion chamber consisted of a steel tube 1 m long and 113 . wm
inside diameter. The test nozzle was mounted at the end of the tube|
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with the opening downwird (Figure 82). The nozzle diamctor
decreased from 80 mm to a final diameter of 50 rani. The nozvld
has a cylindrical outlet of 50 mm (Nozzle 2). Ilmmediately ahcad
of the right-angle deflection of the flow, four static pressure
holes of 2 mm diameter w:re distributed about the periphery

of the pipeline. They were connected by a ring line. In the
plane of tihe pressure measuring points, one NiCr-Ni thermocouple
of 4 mm outside diameter rrojected 50 mm into the tube flow.

As the nozzle pressur. ratio was critical, the right-angle
deflection of the flow immeliately ahead of the nozzle did not
produce any disturbing asymmetry in the nozzle outlet profile.
\\ Measurement of the dynamic pressure in the nozzle plane gave a
satisfacto.v rectangular profile, and allowed us to expect
a rotationall, symmetric wall jet. The wall jet was studied
on a platforn with an area of 12 m2. Tts distance from the nozzle
could be acjusted hydraulically. One great problem was the
choice of a suitable material for the plattform surface. On one
hand, it should be similar to the concrete floor at the natural
VTOL takeoff site. On the othe: hand, the material would have
to withstand for a long time the enormous erosive action exerted

by a jet 2t sonic velocity and hzated up to 1,000°~ After many
experiments, the best material turmed out to be L 'aite plates
25 mm thick with a 20 mm thick heat shield of Promabest (silica-
asbestos). It was used for all the experiments., After about

30 minutes blast time the Promabest coatings were always changed.
The roughness of the platform surfice was less than 0.3 mm.

The wall jet measurements were done with a probe rake which
could be moved by means of a remotely operated moving device
whirch moved on rails at the side of the platform. After checkirng
the rotational symmetry of the wall jet, measurements were made
with the probe rakeionly in a plane perpendicular to the tube
axis. Along the 268 mm length of the probe r&ké were distributed
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20 pitot probes of VZ2A steeol, with 1.6 mn cutside i
1.1 mm inside diameter, and 29 thermcrouples (Flgure %3,

The temperature measuring points of the probe rake consisted of
1.6 mm thick NiCr-Ni thermocouples with high-temperature-resistant
Inconel jackets, with tips welded closed and with the weld bead
lying free inside. The total pressures measured by the probe rake
were lead through 4 mm long tubing lines of 1.6 mm inside diameter
through a pressure measuring point selector (scanning valve) to

a DMS differential pressure transducer with a range of + 2.5 PSI.

In the unheated wall jet, static pressures were measured
with pressure holes in the floor plates (Figure 84). In order to
do this, a steel plate, polished flat, 50 x 300 mm in size, was
inset into one Eternite plate. The steel plate contained %4
pressure holes, each 0.8 mm in diameter. As the static differ-
ential pressure of the wall jet at some distance from the wall
jet is very small, the pressure values, ssmpled by two scanning

/
/

valves, were not electronically measured and recorded, but switched

to a Prandtl manometer, where they were read to an accuracy of
1/20 mm water column.

9.5.2 Ground pressures

Static pressure measurements in the wall jet were not done in
these studies; only the distribution of the ground pressures over
the wall jet radius was determined (Figure 86), From the high
dynamic pressurevalues in the center of the jet impact point, the
measured pressure decreases with increasing radius. Beyond radii
of 8 nozzle diameters it maintains values between 0.5 and 1.5 mm
water. Uncerpressures could not be detected, in spite of the
gr ~atest care in the production of the static pressure holes in
th. floor plate. No doubt this measured overpressure is caused
by the high degree of turbulence in the wall jet. This type of
measurement allows us to say nothing about the static pressure of
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the wall jet immediately =above the fleoeor., M ro cuitable mothen:
for measuring the static pressure dist.ribution in the wall jet
were reserved. The dependence of the static pressure on the

height (pressure profile) was of particular interest.

9.5.3 Turbulence / lut

In the dynamic pressure measurements, the strong variations
of the pitot pressure were striking. At R/D = 10 they cculd
amount to 15% of the measured value, and up to 40°% at R/D = 20.
In the measurements, a digital voltmeter always averaged the
applied value over a period of 20 ms. Even when the integration
\\ time of the digital voltmeter was changed to 80 ms, the impact
pressure variations did not change. Therefore, they are below
12.5 Hz. The light section photographs (Figures 55 ana 81) show
distinctly that the edge of the wall jet is much more fragmented
than that of the free jet. The turbulent fluctuation velocities
of the wall jet are, then, on the order of magnitude of the
illumination period, while the smooth outside surface of the
free jet allows us to conclude that its turbulent fluctuation
frequencies are very high. This conjecture is confirmed by
Hall and Rogers [24], who published a spectral density distri-
bution of the wall jet, showing the same frequency for the
turbulent fluctuations in the range between 100 and 1 Hz. As the
turbulent fluctuation velocities of the wall jet, according to the
same authors, are 30% of the local velocity at the ground and
up to 50% of the local velocity in the boundary layer with the
- surroundings, it is not reasonable to undertake dynamic'pressure
Lo measurements in wall jets with rapidly sampling digital data
collection systems which work in the millisecond range. Measure-
ment and integration times of about 1 second, such as the U-tube
manometer with long tubing lines has, lead to better results.
Here the dynamic\pressureh are not evaluated directly with the
measured values, but with values improved by a compensation curve.

Y
s

<

e
5

by i
.. "ﬁf‘%"«l"”f'




As the Pitot tube nearest the wall lies directly on the {loor,
there is an error in the measurement because of the velocity
gradient at the wall. With measurements at a wall distance of
less than 2 probe diameters, the measured velocit 1is too low.
According to Wuest [ 78], a correction of 1.6% should be added to
the measured velocity in this case.

The dynamic pressure and temperature of the wall jet were
y always measured together, so that the local velocity may be
' calculated according to the laws of compressible subsonic
aerodynamics, with the static pressure of the wall jet set equal
to the ambient pressure.

9.5.4 Similarity of the profiles and wall jet breakup / 147

An investigation of the mutual similarity of the wall jet
profiles was performed at the radius R/D = 20, which was far
behind the starting zone, and therefore in the range of the fully
developed wall jet. If we plot the dimensionless temperatures
versus the distance from the ground, normalized with the half-value
height, then the distribution is the same for all the nozzle

¥
3
lv

temperatures and distances from the nozzle to the ground which
were studied (Figures 89, 90). In the dimensionless velocity
plot the temperature effect produces no deviation from the
Glauer® normal profile [21], although the change of the distance
of the nozzle from the ground does (Figures 87, 88).

If we compare the measured dynamic pressure profiles with
each other ac a certain radius in the wall jet for various
nozzle distances H/D, then we establish, surprisingly, that
the maximum dynamic|pressures increace with increasing ground
distance up to H/D = 8 (Figure 91). Although the distance covered
from the jet to the measuring point at R/D = 5 for a nozzle
distance from the ground of 3 D is almost half as far as when
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the nozzle distance from the ground is 10 D, the maximum dvoamgc
pressure for the greater nozzle distance is 247 sreater than for
the shorter distance. This "reversal effect" cannot be detectod

in the temperature profiles. At the same measuring point, short
nozzle distances here cause higher temperatures (Figure 92). Now
if we plot the curve of the maximum impact pressures and velocitics
versus the radius, the "reversal effect" can be shown clearly. The
maximuz dynamic pressures and velocities increase with larger
nozzle diztance up to H/D = 8 (Figures 93, 95, 97, 99, 100).

If we increase the distance of the nozzle from the ground farther
to 10 D, Lhe dynamic pressure and velocity curves remain constant,
as reported by Cox and Abbott [11] and Hélscher and Junke [30].

An explanation for the decrease of the wall jet velocity as the
nozzle apprcaches the ground must be sought in the free jet
expansion. If the laminar core flow of the free jet strikes

the ground, then the deflection to a wall jet will be linked with
greater losses in momentum than on impact of a later region of

the free jet with its fully turbulent flow. As the cross-sectional
area of the core becomes a larger portion of the total cross-
sectional area of the free jet where it strikes the ground, the
loss in the deflection becomes greater and the normalized

velocity profiles of the wall jets are no longer affinitive.

Only when cthe free jet strikes the ground with its fully

developed regicn are the profiles of the wall jet velocity

similar to each other,

As in the free jet, thedynamic pressure and the velocity / 148 3
of the wall jet decreasc more rapidly at higher nozzle temperatures ‘
(Figures 93, 101). An effect of the nozzle temperature change
cannot be detected at the maximum temperatures in the wall jet
(Figure 95). Only the distance from the nozzle to the ground
is noteworthy. The meesureme.ts are distributed on two curves:
if the free jet core reaches the zround, as is the case for
distances H/D > 5, the wall jet temperatures are on the upper
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curve and Aare higher than the temperatures at thoe larcer no. sl
distances of H/D = 6 to 10. The mowentum losscs in “he dof i c-
tion of the supersonic core become apparcnt as a temperature incrca:c

in the wall jet,

The parameters with the greatest effect are clearly outstanding
on a double-log plot of dynamic pressure, temperature and velocity
(Figures 94, 96, and 98). The distance of the nozzle from the
ground is the characteristic influencing quantity for the
gas-dynamic state of the wall jet.

9.5.5 Half-value heignts

The half-value height, hO.S’ has been selected as a
measure for the wall jet height. This is the distance from the
ground at which the local dynamic pressure, the local temperature,
or the local velocity reaches half its maximum value. It appears
from Figures 102, 103 and 104 that, as in the free jet with a
critical nozzle pressure ratio, so too in the wall jet, the
spatial expansion is independent of the temperature. The half-
value heights of the measured dynamic pressure, temperature, and
velocity profiles fall together on a straight line for all
nozzie temperatures and nozzle distances. The variation in the
measurements is caused by the low-frequency turbulent fluctuations,
but there is a distinct frequency maximum ca the solid lines.
Because of the variation of the measurements we cannot zstablish
unambiguocusly whether greater distances of the no: .ie from the
ground produce slightly thicker wall jets, as reporteu by Hrycak,
Lee, Gauntner and Livingood [31] and by Hdlscher and Junke [30],
who have studied supersonic jets. The measurements of thesa
authors are included in Figure 104 for comparison. From this e
can see that the wall jet expansion proceeds quite analogously
to the free jet expansion. The subcritical jet with its lower
velocity has a higher degree of turbulence than the Mach 1 jet
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and, therefore, produces a wider jet which breaks up morc quickly,
9.5.6 Volume, mass, and momentum flow /149

For each measuring point of the probe rack, the density and
velocity were determined. From these, a partial volume or a
partial mass were determined, in order to calculate the volume
flow

n
Vo= 2rR (u-dz (9.132)
b
and the mass flow
h
m = 2mR f"'“’dz (9.133)
]

of the wall jet at a certain radius from the jet impact point.
The sum of the partial quantities out to the jet edge, where

the velocity disappears, yields the local total volume flow

or the total mass flow of the wall jet. The volume flow and

the mass flow are plotted in Figures 105 and 107 versus the
radius, for different H/D values and temperatures. The increase
is linear and strongly dependent on the nozzle height and the
temperature. The high-loss jet deflection at short nozzle
distances also decreases the volume and mass increase of the
wall jet. It is striking that the values for H/D = 2 are always
above those for H/D = 3. An increase in the temperature causes
a faster breakup of the jet and, therefore, a stronger intermixing
of surrounding air. The results of Skifstad are included for
comparison (Figure 106). He established mass balanced for sub-
critical jet studies by other authors. We can see that these
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values must be higher than those of the Mach 1 jet. Becausc of
the greater turbulence of the slower jet, it breaks up fastcr,
with greater half-value heights and faster mixing with the

surroundings.

The nozzle temperature and the nozzle distance from the ground
exert a very strong effect on the mass increase of the wall jet.
If we normalize the mass flow of the wall jet, not with the mass
flow ﬁo at the nozzle outlet, but with tne mass of the free jet

at its point of impact on the ground, which can be taken

m
Stau’
from Figure 79, then at ground distances H/D > 5 all mass
\\ increase curves for various temperatures and H/D values can be

described by the straight line

m

, = =0 (9.134)
m
stau
Figure 108 shows the curve of the momentum flow / 150 g
3
. | F
. 2 \ \
i mjp.u AN, (9.135)
(]

calculated from the measured pressure and temperature profiles
for various radii, nozzle heights and nozzle temperatures,

versus the wall jet radius. Here we determine a partial momentum
from the density and velocity at each measuring point of the
probe rack, summing them to obtain, finally, the local total
momentum flow.

As expected, the momentum flow of the wall jet is practically
independent of the radius. Like that of the free jet, it is the
same for all measuring cross sections. With decreasing nozzle
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distance from the ground, the momentuwr flow of tine wall jotr ol
decreases. At H/D = 10 it is 62%, and at H/D = 3 only 45 of Lhe
initial momentum at the nozzle. The low wall jct momentun appe s -
if the corc of the free jet strikes the ground. The momentui
flow of the wall jet decreases as the proportion of the corce
cross» section to the total cross section at the point of impact
iricreases. Figure 108 shows that the deflection losses from

the free jet to the wall jet, which are expressed as a drop

in the wall jet momentum flow, no longer chan.c as the nozzle
distances increase beyond 8 D. The momentum and velocity curves
«t 10 D distance are identical with those from 8 D. The nozzle
ta.nerature has no effect on the momentum curve. The distance

of the a~7zle from the ground is the determining parameter.

The static pressure of the wall jet increases in the vicinity
o. the jet impact point, but pressure measurements canmnot be
made there because of measuring difficulties. Thus the calculation
of the momentum flow is based on the static ambient pressure.
This simplification, however, leads to the drop in the calculated
momentum flow at small wall jet radii shown in Figure 108; but
the range of influence of the deflection region can be explained
with just this drop in the momentum curve. The effect of the
imract area does not extend, as Gauntner, Livingood and Hrycak
[311, out to a wall jet radius of 3 nozzle diameters. Rather,
for a Mach 1 jet, it extends out to R/D = 10, as ne momentum
curves clearly show,

Likewise, the deviation of the velocity curve from a straight
line in the double-log plot of Figure 98 is a result of the drop
in velocity with approach te the impaci point or an erroneous
calculation of the velocity due to a rise in the static pressure [/ 151
of the wall jet in this region. The velocity curves also indicate
an effect of the impact region out to R/D = 10.
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9.5,7 Inflow vclocity

The inflow velocity for the wall jet calculated from the

mass increcase is plotted in Figure 10. It decrcases as the radiu-
increases or the surface area grows. The nozzle distance is an
important parameter for the inflow velocity, as it is for the

' mass flow. Lar. r distances of the nozzle from the ground allow
a wall jet with higher momentum, which draws in larger amounts
of surrcunding air, these flowing in faster in agreement with
the continuity equation. A comparison with the inflow velocity
reported by Liem [38] gives good agreemant for the unheated jet
at la.,. distances between ground and nozzle. Low nczzle

\\ heights generate iess turbulent wall jets which interac: less with

the surrouudiags.

As for the free jet, the inflow velocities of the wall jet
are independent of the model geometry. For the mean inflow
velocity out to the raidius R we can write

w:-?__!-
rad
where 4V is the volume sucked in over the circular area Foo
If we express these quantities as multiples of the nozzle
diameter D and the wall jet radius R,

r.

v . uOOFO

~ 282
. o '.R2
But the ratio D/R deals with the most important similarity
parameter, which is always held constant for the model and the
full-scale design, so that the inflow velocity is independent

& of the model size.
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Compensation functions have been detormined far the e e d

inflow velocities of the wall jet {Figure 10) by the mcthod

least squared errors. The general function for tne sink di-trilal

in the range of R/D = 3.5 to 20 is: / 15
f—:a:—l—~ -r——i?— + o3 (9.1 50
ug o (R/D) (R/D)Q (R/D)3 <10

where the coefficients for the various configurations can be taken

from the table.

!' —
| oC |
H/D 6o % al a ) i
1
. -4 -2 o -1 !
6o +1,337°10 +4,016° 10 +3,417+10 -1,018 )
3| oo | +2,017°10°% | -1,416°107% | +3,763-10" 1 { -7,319- 10"} |
looo | +3,309-10 % |42,101-10 2 | +6,728-10 0 | -8,995:10 0 |
. -3 -2
%o +2,630° 10 =2,324° 10 +1,069 =2,586
8 | Soo | +6,685:10 " |+2,335-107% | +2,135¢10 1 | -4,258- 10 1
loco | -1,842-10 2 | +7,280¢10 2 | -2,701+10" 1 | +7,166¢ 101

The coefficients for functions of the inflow velocities

of configurations not measured can also be determined by
interpeolation between the table values.

[
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9.5.8 Separation uf the wall jet from Lho crcune 'y

effect of the wind

When the VIOL exhaust gas jet strikes the ground, it expands
radially to all sides as a wall jet. Because of its bucyancy,
the attempt ci the warm gas jet to separate from the ground, an
underpressure develops at the underside of the wall jet, according
to Cox and Abbott [11]. Where the ratio of the underpressure
to the local maximum dyramic pressure exceads a certain value, the
wall jeot separctes from the ground. For the hot gas jet, Cox and
Abbott define a moacl parameter, which they derive from the
Grashof numc.2r:

Gr = 17-g-Re@ep _ u-p°1l 1 peB:Qep
r = 2 ™ 3
u v wrwoo (9.137)

With the buo* mt forre per unit volume

A = 8:gp°0 (9.138)
and the shear stress per unit area (viscosity)

R (9.139)
we can wi.te:

Gr = Re - Buoyant force (9.140)
Viscous force

Now Cox and Abbott select the ratio

3

Buoyant force o LT-ge8-6ep  1:°80 } (9.141)
p 2.2 2 i

Kinetic force Tl u
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multiplied by Lhe temveralure ratio as the Chataliori-Lic pedc ol ”

for the warm wall jet

For the thermal separation radius of the heated wall jet without
a wind :ffect, Cox and Abpott semiempirically determined the

relacion

u Ta 172 [1/2

—) .
T : (9.142)

If a wind flow blows againsct the wall jet, then the gas jet
separates from the ground even before reaching this thermal
separation radius. According to Cox and Abbott, It separates
where the ratio of the wind velocitv to the maximum local wall jet
velocity exceeds the critical ratio

— = 0,39 (9.143)

max
W2 have performed experiments to test this statcment on the
separati. radius under the effect of wind, which is very
important for recirculation calculations. Purely thermal
separvations of the heated wall jet were not investigated, because
of the experimental difficulties in the measurement of large
scparation lengths and their minor practical significance.

The iength which the wall jets run against wind flows was
measured with a constant nozzle diasneter -” 50 mm for different
nozzle Mach numbers, nozzle temperatures, and distances of the
nozzle from the ground. A blower produced a wind flow against
the wall jet (Figure 109). Three different wind velocities could




be established. Thelr Cirves are plotted on Lheiv simmet =y i

in Figure 110. The gradiint of the wind velocit in the directior
it ran was small, so that it dic not falsify the experimental
results. Great care was taken to simulate a realistic wind profii..
The velocity profils of the wind in the boundary layer near the

ground can generally be described witr an exponential relation:
a ;
W oW oz (9.144)

The exponent a depends on the height. In meteorology, however,
it is usually s=t constant and equal to 0.3 for the ground friction
layer. The wind profile, measured at many points over the p ate,
is shown in Figure 111. 1In figure 112 the <iue velocity pre. ie of
the wind near the ground is compared with ti. profile used ‘. the
erperiments (wO = 8 m/s). The agreement b otween the two

prcfiles in the area of the wall jet is very good. Orly at

greater heights above the plate did ihe wvelccity profile of the
blower jet drop off in comparison to the trus wind profile. This
difference in the profiles is allowavl. hecause it occurs in an
area which exerts no effect on the wall jet flow and its separation
from the ground. The separation lengths were reco:xded photograph-
ically with the light section method, in which the wall jet fiow
was colored with the contrast powder (kigure 113, il4). The
separation radius was defined as the maximum radial len:.:h of rum
for the wall jet, which could be detected on the light seztion
photograph as a boundary petween the white-colored jet and the
uncolored, dark wind.

Figure 117 shows the separation radii versv.: the wind velocity
at H/D = 8 and critical nozzle velocity for different nozzle
temperatures. The wind velocity data in the diagrams are mcant
to be the maximum velocity of the profiles being investigated.

As the wind velocity increacses, the separation radius decreascs
linearly. No effect of the nozzle temperature on the locacion of
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the separation point is detectable at wind velocitics atiove 7w/~

The nozzle Mach number. in contrast, plays a rreat part wi.h ro-poct

to the separation radi.is. As the nozzle pressure ratio decrcascs,

the jet momentum decreuses and, wich it, the distance which the /157

erpanding wall jec ruis against tnc wind (Figure 118).

The strong dep:ndence of he nozzle distance from the zround
on the separation length of the wall jet is striking. The low
wall jet momentva at low H/D valu.s also leads to shorter separation
lengths wher the wind is blowing. The separation radius at
H/D = 3 ard that for H/D = 8 are compared in Figure '19.

The torizontal course o»f the separation line for H/D = 3
can be s:en in Figures 115 and '16. These figures were obtained
with a horizontal light scction 50 mm above the ground. The
separacion line takes or an elliptical shape, with the minor
semiaxis corresponding to the separation radius. Here the
very irregular separation line is conspicuous. This is due to
the low-frequency fluctuations of the separation radius. All the
ma znitudes for thr separation radius given here are means of
scveral individval measurements. Their variafion often amounted
to as much as 10%.

If we compare these results with these of Cox and Abbott [11]
(Figure 113), we establish that their very shcrt separation radii
for the wail jet under the influence of wind must be due to the
small, not reported, jet Mach number in their experiments.
According, to Figure 118, decreasing Mach numbers allow the
separation radii to contract. Nozzle Mach numbers beiow 0.5 could
lead to the measurements of Cox and Abbott. The critical velocity
ratio used by Cox and Abbott, which lieads to separation of the
wall jet, proves not to be a universal constant f.r all experiments
by any means. It appears that the value is strongly dependent on
the jet Mach number and the height of the nozzle above tle ground.
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For H/D = 3 +the values scatter:

u
max

For H/D

Il

w

u
max

wl

u
max

= 0462 -

= 0,38 -

0,71

0,48 .

8 we obtain fixed critical values:

= 0,79

= 0,54 .

(9.145)

(9.146)

(9.147)

(9.148)

Here w 1is thc wind velocity over the boundary layer near the

ground. In the experiments it was the maximum value of the wind
profile. w' is the velocity of the wind profile at the height

of the maximum wall jet velocity

176

umax'

;
2
%
§




I334"RIDUCIBILITY OF THE ORIGINAL PAGE IS POOR.

Figure 81. Light section Figure 82. Proube rake in the
photograph of the wall jet. hot gas jet.
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Figure 83. Wall jet probe rack.
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Figure 102. Half-value
height of the dynamic
pressure.

Figure 103. Half-value
height of the total
temperature.
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Figure 113. Light section Figure 114.

photograph of a wall jet
separation due to wind effect.
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Digital voltmeter + 0.2 to 0.5% or + 1 digit
DMS pressure transducer + 1% .
Calibration of the DMS + 0.5% )
pressure transducer X
- Hot film transducer + 12

/

9.6 Measuring accuracy and error estimation / 164

Systematic and ra. dom observational errors occur in measure-
ments. While systematic errors can largely be calculated and
eliminated, random err-rs cannot be prevented. They must be
considered in the average of the experimental resuits.

Systematic errors

Calculation in

section :
1. Effect of turbulence 0 to over 10% 9.44 =
on the dynamic pressure 5
measurement
2., Effect of radiation and O to -2% 9.45

recovery factor on the (average: -1%)

temperature measurement

3. Solar radiation onto the
thermocouples

4. Atmospheric wind movements

The dynamic pressure error due to turbulence is considered
throughout the evaluation of the results. The temperature
measurements were not corrected, however, so that or the
average they may be considered to be 1% too low. Error sources
3 and 4 can be eliminated by the .act that the experiments took
place only on days on which direct solar radiation or wind
movements did not occur.

Random errors
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Jacketed thermocouple up to 300°C: + 2.2°C
above 300°C: + 0.87%

Reference point temperature + 0.2%<0.1°C

Nozzle diameter tolerance 50 mm + 0.05 mm

Position of the probe rake + 2 mm

Individual measuring points
of the probe rake + 0.5 mm

.Accuracy of quantities held

constant during the time of
the experiment:
Nozzle prechamber pressure + 3%
Nozzle prechamber temperature + 5%

Accuracy of the impact pressure measurement:

Turbulence causes a systematic error in measurement of the
impact pressure. For the hot gas jet, it can amount to more than
10% of the measured value. This pitot probe error must always
be considered for impact pressure measurements in turbulent flow.
It is

Pst -2

A s gi— @20l W)
St

(9.103)

The local turbulent fluctuation velocities are not known for
the Mach 1 jet, so that they must be estimated in this work.
If we assign these estimates an accuracy of + 20% and allow

an error of + 2.3°C in the temperature, then from the Gaussian
law of error propagation, we obtain the average error of Aq.-

S = VA st (2850 (48 5y« (802 o0

The relat:ive error of the correction, 44/ for the imct mnm

/ 165

s + 25%. This 1s an errar of about 3%, Teferred to the lecal. P
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dynamic pressure. The measured dynamic pressure also has a random
error of + 1% due to inaccuracies of the DMS pressure transduccr
and of + 0.5% from the calibration process, so that the measurcd
dynamic pressure, corrected by the turbulence error, on which the

evaluation is based, can be incorrect by + 4.5%.

Accuracy of the calculated velocity

The velocity is caiculated as:

L = .q 2¢R-Tu* 9 A
(QR-t*)+(p.€:¢,) (9.95)

The dynamic pressure measurement has an inaccuracy of + 4.5%, the
temperature measurement has an error of + 2%, and the recovery

factor has an error of + 2%. The Gaussian error propagation law
is:

Ju 2 Ju Juy 2
Seay™ (‘5%)'5:1..)*(7)%}'#4)*(0_})°s"" * (9.150)

The mean relative error of the velocity, calculated from the
measurements with their errors, amounts to + 3.3%.

Translated for National Aeronautics and Space Administration under

contract No. NASw 2483, by Scitran, P. O. 5456, Santa Barbara,
California, 93108.
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